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Knowledge of equilibrium solubility in supercritical fluid is of great 
importance to practical SCF process design. In this work, a continuous-flow system 
was set up to measure the solubility of cholesterol and its acetate, butyrate and 
benzoate in supercritical CO2. Experimentally determined solubility isotherms in pure 
supercritical carbon dioxide were obtained over a range of operating conditions from 
90 to 270 bar and 308.2 K to 328.2 K. Large solubility differences were observed for 
cholesterol and its three esters which can be attributed to the combined effects of 
solute polarity and vapor pressure resulting from their distinct chemical structures.  
Further investigations on the solubility behavior of cholesterol and cholesteryl 
benzoate in supercritical carbon dioxide-polar cosolvent mixtures were conducted at 
pressures ranging from 100 to 270 bar and at 318.15 K and 328.15K. The polar 
cosolvents employed were methanol and acetone at 3.0 mole% in the supercritical 
solvent phase. With the addition of a small quantity of cosolvent, the solubility of 
these compounds in supercritical carbon dioxide was enhanced by several folds 
depending on the system pressure. Also examined was the solubility behavior of 
physically mixed cholesteryl butyrate and cholesteryl benzoate in pure supercritical 
CO2. A pronounced concurrent solubility decrease, instead of an increase, was 
observed for these two esters. This solubility decline is strongly dependent on the bed 
composition.  The results indicated that these two mixed solutes may have undergone 
a phase transition change resulting in the formation of a solid solution at the interfaces 
in the presence of supercritical CO2.  This hypothesis is consistent with our thermal 
analysis and X-ray diffraction analysis of binary mixtures of these cholesteryl esters 






Additionally, the formation of ultrafine particles of aspirin and high-molecular-weight 
poly-lactic-co-glycolic acid (PLGA) through rapid expansion of supercritical solutions 
was investigated over wide ranges of supercritical conditions. 
The experimental solubility data were modeled using the equation of state 
approach and density-based correlations. To apply the Peng-Robinson cubic equations 
of state, the physical properties of cholesterols were estimated through functional 
group contribution estimation methods. Model parameters for the systems studied 
were obtained by data regression. The modeling results show the solubility behaviors 
are well described by the Peng-Robinson equation of state and density based 
correlations over the pressure and temperature ranges investigated. Overall, density-
based correlations provide a better quantitative description of the data than the cubic 
equations of state.  Both approaches perform better for the ternary systems than their 
respective binary systems. Besides, a new version of the Peng-Robinson equation 
augmented with an association term was developed in our study to describe the 
significant cosolvent effect observed in supercritical CO2. The correlation performed 
on aspirin and naproxen systems shows that the Peng-Robison EOS plus association 
model was able to describe the greatly enhanced solubility present in the supercritical 
CO2-polar cosolvent mixtures very well. Furthermore, a recently developed 
molecular-based perturbed Lennard-Jones chain (PLJC) equation model was 
employed to model the solubility of 39 solids in pure supercritical CO2 and very good 
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CHAPTER 1 OVERVIEW 
 
1.1 Introduction 
Organic solvents are extensively used in various research laboratories and 
chemical industries. However, many commonly used solvents are considered 
potentially harmful and hence their various applications will definitely have adverse 
affects on users and our living environment. With increased concerns for the quality 
and safety of foods and medicines, awareness for environmental safety, and preference 
for “natural and benign” products, regulatory bodies have imposed stricter regulatory 
control over the use of hazardous or toxic volatile organic compounds (VOCs) like 
benzene, toluene, chloroform, hexane, etc. in industrial processes such as printing, 
textile dyeing, wafer manufacturing, polymer processing, and pharmaceuticals 
processing. Therefore, separations and purification processes have been employed to 
remove hazardous solvents and organic compounds from processing streams before 
they leave the plant. Furthermore, the regeneration of these organic solvents appears 
to be dependent on the properties of recovered organics. These limitations have fueled 
interests in finding an alternative replacement for conventional liquid solvents. 
Besides water, which is extensively used as a benign process medium for various 
chemical processes, supercritical fluid, especially supercritical carbon dioxide, has 
emerged as a potential replacement solvent.  Supercritical fluids bear high solvating 
power for many organic solids and hence can be employed to dissolve solids and 
replace liquid solvents. 
The application of supercritical fluids carbon dioxide as an alternative solvent 
offers many advantages since carbon dioxide is environmentally benign, inexpensive 
and has low critical parameters. For supercritical CO2 to be an effective solvent in 
 




various dissolution processes, the solutes dissolved in traditional organic solvents 
must also exhibit sufficient solubility in supercritical CO2. Therefore, knowledge of 
the solubility of a particular compound in a supercritical fluid (SCF) must be available 
before carbon dioxide is used. It is for this reason that many efforts have been made, 
from both theoretical considerations and experimental measurements, to determine the 
solubilities of a wide variety of pure compounds in various supercritical fluids as a 
function of temperature and pressure. Thus, many communications have been 
published in the literature to provide solubility data of a wide variety of pure 
components under a variety of temperature and pressure conditions. When 
supercritical carbon dioxide is chosen as a benign solvent for various potential 
applications, it is generally considered a nonpolar medium. Therefore, using the “like-
dissolves-like” principle, supercritical CO2 is best suited for the extraction of nonpolar 
hydrocarbon-based oils such as various machining and lubricating fluids, and 
nonpolar organic solids like naphthalene.  A major limitation to using CO2 to dissolve 
pharmaceutical materials lies in the fact that the polar biomolecules are only slightly 
soluble in it because CO2 has a weak quadrupole moment with limited capacity for 
high solubility and selectivity for most polar organic (pharmaceutical) compounds.  
To overcome this, a properly selected modifier or polar cosolvent is usually 
introduced into the supercritical carbon dioxide to enhance its solvating power for 
polar organic compounds. Numerous efforts in recent years have aimed at studying 
this solubility enhancement in SCF CO2 through the addition of a small amount of 
polar cosolvent (usually less than 10%). 
Besides single solute solubility measurements, several studies examining the 
solubility behavior of solid mixtures in supercritical fluids have been reported in the 
literature.  Knowledge of solute solubility of multi-solid systems is of importance 
 




since most substances encountered in practical engineering and industrial situations 
usually exist as mixtures containing several components.  Advancements in this area 
will provide data for a better understanding of the phase equilibria of multi-solute 
mixtures which is of relevance to the design and development of processes involving 
supercritical fluids. 
In addition to the above, academic and industrial researchers have been 
interested in developing theoretical models to quantitatively describe phase 
equilibrium of solid/multi-solid in supercritical solvents.  Accurate and reliable 
models allow the estimation of solute solubility at conditions for which experimental 
data are not available.  They also provide a theoretical interpretation of the phase 
behavior and a rational basis for solvent selection and design of supercritical fluid 
processes.  The most common model used for solid-supercritical fluid systems is the 
Peng-Robinson and similar cubic equations of state combined with various mixing 
rules. However, several recently proposed equations of state such as the statistical 
association fluid theory (SAFT) and perturbed hard-sphere equations of state have also 
been used by researchers in the field. 
Supercritical fluid technology has been widely used in extraction and 
purification processes in the food and pharmaceuticals industry and for analytical 
techniques such as supercritical fluid chromatography. Recently, this technology has 
been employed to produce fine particles of interested substances. Currently there are 
two main methods for particle formation using supercritical fluids, namely, the rapid 
expansion from supercritical solutions (RESS) and the supercritical antisolvent 
process (SAS) techniques. RESS is used to form fine particles of substances that are 
soluble in a supercritical solvent. SAS is used for sparingly soluble materials. The use 
of these two complementary techniques may lead to the nucleation of a wide range of 
 




desired materials with expected morphologies and size distribution from supercritical 
fluids. 
 
1.2 Scope of the Work  
The primary aims of the present work are: (1) to study the equilibrium 
behavior of solute/supercritical carbon dioxide (a selected organic solid, i.e. 
cholesterol, cholesteryl acetate, cholesteryl benzoate, or cholesteryl butyrate), 
solute/cosolvent/carbon dioxide systems (an organic solid, i.e. cholesterol or a 
cholesteryl ester, SCF CO2 and a cosolvent such as methanol or acetone), and solute 
1/solute 2/carbon dioxide systems (i.e., two cholesteryl esters in SCF CO2); (2) to 
model the solute solubility by using several equations of state including the Peng-
Robinson equation of state, a modified Peng-Robinson equation which accounts for 
polar association between molecules, and the Perturbed Lennard-Jones Chain equation 
of state –a molecular model based on the perturbation theory of liquid state physics; 
and (3) to investigate the formation of fine particles of aspirin and PLGA through 
rapid expansion of supercritical solutions (RESS process). 
The solubility data obtained in this study may be of importance to the 
development and design of supercritical fluid process involving cholesterol in food 
systems. The thermodynamic models are of practical usefulness and can be used to 
predict the solubility phase behavior of these substances in supercritical carbon 
dioxide. The RESS technique was employed for the possibility of production of fine 
particles of pharmaceuticals and biopolymer with narrow size distribution. 
This thesis is organized as follows: 
Chapter 2 presents the theoretical background of supercritical fluids on which 
this study is based and gives a brief description of phase equilibrium of solids in 
 




supercritical solvents.  Presented in Chapter 3 are the thermodynamic models that are 
most commonly applied to the estimation and correlation of solute solubility in 
supercritical solutions.  In Chapter 4, the physical properties of cholesterol and its 
three esters, unavailable in the literature but required by the models, are estimated via 
certain group contribution methods.  
In Chapter 5, the solubilities of cholesterol and its derivatives: cholesteryl 
acetate, cholesteryl butyrate and cholesteryl benzoate in supercritical carbon dioxide 
(measured by the dynamic flow type apparatus coupled with direct mass weighing 
method) are reported.  These solubility data are correlated using the Peng-Robinson 
equation of state and density based equations. 
Chapter 6 describes the solubility of a polar organic solid dissolved in 
supercritical CO2 with the addition of a small amount of polar cosolvents. The 
cosolvents used in my study are methanol and acetone whereas the organic solutes are 
cholesterol and cholesteryl benzoate, respectively. The experimental results of single 
solute in SCF CO2-polar cosolvent mixture are detailed along with the calculated 
results. I further explored and examined the equilibrium behavior of two solids 
dissolved in pure supercritical CO2.  These results are reported in Chapter 7.  The solid 
mixture investigated in the present work was physically blended with different bed 
compositions. To better understand the unique solubility behavior of chosen solid 
mixture in SCF CO2, thermal analysis and XRD analysis of the solid mixture was 
performed and discussed. 
 In Chapter 8, a modification of the traditional Peng-Robinson equation, 
augmented with an association term, was developed and used to correlate the 
experimental solubility data of polar solid in SCF CO2-polar cosolvent systems where 
enhanced solubility is believe to be due to the strong intermolecular interaction 
 




between the solute and the cosolvent molecules. Presented in Chapter 9 is a newly 
proposed Perturbed Lennard-Jones Chain (PLJC) equation of state. This is the first 
study where this equation of state is applied to solute solubility in supercritical fluids. 
Chapter 10 presents initial investigation of the production of aspirin and poly-lactic-
co-glycolic acid (PLGA) particles by using the Rapid Expansion Supercritical 
Solution (RESS) technology.   
A brief summary of the main conclusions arrived at from this thesis research 
along with a few recommendations are presented in the Chapter 11. 
 
 








The first reported observation of the occurrence of a supercritical phase, hence 
the first discovery of the critical point of a substance, could be traced back to the early 
nineteen century (Taylor, 1996). But it is only in 1879 that the unique dissolving 
power of supercritical fluids for solids was first documented by Hannay and Hogarth 
(McHugh and Krukonis, 1994). They found that gases are good solvents under 
supercritical conditions and the solvating power of a supercritical fluid (SCF) is highly 
pressure-dependent. Small changes in pressure continuously can alter the density of 
these fluids from gas-like to liquid-like, thereby allowing their solubility power to be 
adjusted over wide range.   
Since the awareness of the enhanced solvent characteristics of SCF solvents, 
they have been focus of active research and development programs, especially in the 
last two decades. The investigations of the properties of supercritical fluids and rapid 
development of supercritical fluid technology have resulted in the expansion of 
applications of supercritical fluids in various industries. 
Supercritical fluid technology using CO2 today is a popular technology for 
rapid, contamination-free extraction in the food and pharmaceutical industries. Large-
scale supercritical CO2 extraction has been in commercial operation since the late 
1970s for decaffeination of coffee and tea, refining of cooking oils, recovering of 
flavors and pungencies from spices, hops, and other plant materials. A compilation of 
proven and potential applications using supercritical CO2 for extraction from natural 
materials has been detailed elsewhere (Mukhopadhyay, 2000). Other applications of 
 




supercritical fluids including chemical separations and purifications, regeneration of 
adsorbents such as activated carbon, supercritical fluid chromatography, particle 
production from supercritical fluid, polymer processing and coatings, cleaning of 
microelectronics, etc. are comprehensively reviewed elsewhere (McHugh and 
Krukonis, 1994; Kiran and Sengers, 1994; Hutchenson and Foster, 1995; McHardy 
and Sawan, 1998). 
The principle objective of this Chapter is to present recent experimental and 
theoretical research and development in understanding the complex supercritical fluid 
phase equilibrium behavior. A comprehensive knowledge of the structure of 
supercritical solution, solubility characteristics, and cosolvent effect and co-solute 
effect on solubility behavior is reviewed. In addition, a brief introduction is presented 
for unique properties of supercritical fluids that are attractive to a large number of 
scientist and experts. 
This chapter is organized as follows. Knowledge of the supercritical fluid 
properties is presented in Section 2.2, giving some insights into the background on 
which our study is based.  Section 2.3 discusses solid-supercritical fluid phase 
equilibrium, i.e., experimental measurements and modeling work on solubility 
behavior of solids in supercritical fluids.  Various considerations such as experimental 
techniques and characteristics of supercritical solutions are briefly introduced. We 
further review the intensive research effort on the solubility behavior of individual 
solute in one primary supercritical solvent, and cosolvent effect and co-solute effect 
on such solubility behavior. A quick look through predictive thermodynamic models 
for quantitative understanding of the supercritical fluid phase behavior is also carried 
out. The systematic presentation of thermodynamic models used for our study will be 
detailed in the next Chapter (Chapter 3). 
 




Section 2.4 serves as a quick glance on cholesterols and its importance. 
Section 2.5 overviews the application of supercritical fluid technology for particle 
formation of substance of interests. Section 2.6 draws a summary of this chapter. 
 
2.2 Background on pure supercritical fluids 
In view of extensive research and development work done all over the world 
on a wide spectrum of applications of supercritical fluids technology in the recent 
past, it is instructive to briefly start with the introduction of the definition and unique 
physical properties of supercritical fluids prior to reviewing the research focuses on 
supercritical fluid phase equilibrium behavior.  
 
2.2.1 What is a supercritical fluid? 
A supercritical fluid (SCF) is defined as a substance that is above its critical 
temperature (TC) and critical pressure (PC). The physical state of a substance can be 
described by a phase diagram, as shown in Figure 2.1. In this pressure-temperature (P-
T) diagram for CO2, three solid curves describing the sublimation, melting, and 
boiling processes are shown. These curves also define the three regions corresponding 
to the gas, liquid, and solid states. Points along the lines (between the phases) define 
the equilibrium between two of the phases.  Therefore the critical temperature is the 
highest temperature at which a gas can be compressed to a liquid by an increase in 
pressure; the critical pressure is the highest pressure at which a liquid can be 
vaporized to a traditional gas by an increase in the liquid temperature.  There is only 
one phase in the critical region, which is neither a gas nor a liquid, but known as a 
supercritical fluid. In this region, no matter how much pressure is applied, a 
 




supercritical fluid will not condense and no matter how much the temperature is 










Table 2.1 Physical data for gases, SCFs and liquid states (Taylor, 1996) 




Gas (ambient) 0.0006---0.002 0.0001---0.0030 0.100000--0.40000 
Supercritical fluid ( CC PT , ) 0.2000---0.500 0.0001---0.0003 0.0007 
Liquid (ambient) 0.6000---1.600 0.0020---0.0300 0.000002--0.00002 
 
Supercritical fluid possesses unique physical properties intermediate between 
those of gases and liquids. These properties demonstrate the potential applications in 
various processes. For applications such as extraction, cleaning and chromatographic 
purposes, supercritical fluid often has more desirable transport properties than a liquid 
and orders of magnitude better solvent properties than a gas. Typical physical 
properties of a gas, a liquid and a supercritical fluid are compared in Table 2.1. The 
data show the order of magnitude and one can note that the viscosity of a supercritical 
fluid is generally comparable to that of a gas but two orders of magnitude lower than 

















Figure 2.1 Graph showing the supercritical region of CO2. 
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2.2.2 Physical properties of supercritical fluids  
2.2.2.1 Tunable density 
The solvent strength of a supercritical fluid can readily be controlled. 
Comparing with liquids, SCFs are highly compressible with slight changes of 
temperature and pressure. It is clear that the solvent power of a SCF is roughly 
proportional to its density (Johnston et al. 1989).  This means that we can change 
significantly the density of a SCF by adjusting its temperature and pressure. Therefore 
the solvating power of a SCF is highly dependent on its temperature and pressure. 
Although the solvating powers of supercritical fluids are not higher than those of 
liquid solvents, their solvent strengths however approach those of liquid solvents as 
their densities are increased. The effects of temperature and density on SCF’s 
solvating power are summarized as the following: 
• Solvent power of a supercritical fluid increases with density (or pressure) at a 
given temperature 
• Solvent power of a supercritical fluid increases with temperature at a given 
density 
Shown in Figure 2.2 is the variation of density of carbon dioxide with 
temperature and pressure in the vicinity of critical point (Angus et al., 1976).  It can be 
seen that there is no break in the continuity of density and hence solvent strength of 
CO2 in supercritical region. For example, along 310K isotherm, the density of CO2 
can continuously vary from 0.9g/ml (250bar) to 0.33g/ml (80bar). Thus it is possible 
to properly tune the solvating power of SCFs for a specific application. 
It is important to recognize, regardless of fluid, the extent of supercritical fluid 
region for practical considerations. A very small increase in pressure at reduced 
temperature ( Cr TTT = ) 2.10.1 −=rT  results in a dramatic increase in density, but 
 




the same change in pressure at rT  over 1.5 hardly changes the fluid density. Since the 
supercritical fluid becomes more expanded, higher pressure is needed to obtain liquid-
like density. By operating in the critical region, the pressure and temperature can be 

























Figure 2.2 Variation in density of CO2 in the vicinity of its critical point (CP). 
 
2.2.2.2 Fast mass transfer rate 
In addition to its unique solvating characteristics, a supercritical fluid 
possesses certain physicochemical properties that add to its attractiveness. Besides a 
liquid-like density over much of the range of industrial interest, supercritical fluids 
exhibit gas-like transport properties of diffusivity and viscosity so that liquid-like 
mass-transfer limitations are not encountered in supercritical fluids.  
 




Figure 2.3 provides the self-diffusivity of carbon dioxide over a wide pressure-
temperature range, which is approximately the same as the diffusion coefficient of a 
similarly sized molecule diffusing through CO2. The range of diffusivities of solutes 
in commonly-used organic liquids is also plotted.  As shown clearly, the self-diffusion 
coefficient for CO2 is about one or two orders of magnitude higher than the diffusivity 
of solutes in liquid solvents. 
 
 
Figure 2.3 Diffusivity behavior of carbon dioxide in the vicinity of critical point 
(McHugh and Krukonis, 1994). 
 
The viscosity behavior of carbon dioxide dependent on the pressure and 
temperature is given in Figure 2.4. As evidenced by Figure 2.4, changes in viscosity 
are most pronounced in the critical region (similar to diffusivity in Figure 2.3).  Even 
at high pressures of 300-400bar, the viscosity of supercritical CO2 is one order of 
magnitude lower than those of normal liquids. 
 





Figure 2.4 Viscosity behavior of carbon dioxide over a wide pressure-temperature 
range (Stephan, K., and K., Lucas, Viscosity of Dense Fluids, Plenum Press, New 
York, 1979.) 
 
As is the case for density, values of viscosity and diffusivity are heavily 
dependent on temperature and pressure. The viscosity and diffusivity of a SCF 
approach those of a liquid as pressure is increased. Whereas an increase in 
temperature leads to a decrease in viscosity of a SCF, the opposite is true in the case 
of gases. Diffusivity, on the other hand, will increase with an increase in temperature. 
A summary of these important points follows as given below. 
• Increase of diffusivity and decrease in viscosity of a supercritical fluid will 
occur with increasing temperature at a fixed density; 
 




• Increase of viscosity and decrease in diffusivity of a supercritical fluid will 
occur with increasing density at a fixed temperature. 
2.2.2.3 Other merits 
Many supercritical fluids are gases at ambient conditions that they can be 
operated at mild conditions. Additionally, the very low surface tension (c.a. zero.) of 
supercritical fluids allows facile penetration into microporous materials to occur. On 
the contrary, liquid solvents have some undesirable limitations. For example, liquid 
solvent extracts need to be concentrated for the further analysis; this requires an 
additional separation step and may result in the loss of analytes.  
2.2.3 Choice of supercritical fluids 
Table 2.2 lists various physical properties for a variety of SCF solvents. As 
shown in Table 2.2, the critical temperatures of various compounds can differ by 
hundreds of degrees. This provides a wide selection of supercritical fluids for different 
applications. For examples, CO2 and ethane are attractive supercritical solvents for 
processing pharmaceuticals, heat-sensitive compounds, labile lipids or reactive 
chemicals since their critical temperatures are close to ambient. But ethane and all the 
other hydrocarbons are flammable and may form explosive mixtures with air. To 
process industrial chemicals and polymer at high temperatures requires the use of SCF 
solvents, such as propane and butane, which possess higher critical temperatures in the 
range of 100-150oC. Still higher molecular weight hydrocarbon such as benzene and 
cyclohexane, with high critical temperatures of 250-300oC, are used to process 
nonvolatile substances such as coal and high molecular weight petroleum fractions 
(McHugh and Krukonis, 1994). Even supercritical water with a 2.647=cT K finds 
applications in hazardous waste detoxification processes and benign reactions. 
 
 




Table 2.2   Physical properties of candidate SCFs (McHardy and Sawan, 1998) 
 Molecular Dipole Critical Properties 
Fluid Weight  Moment 
                (g/mol) (Debye) c
T (K) cP  (bar) cv  (cm3/mol) cz  
Methane (CH4) 16.04 0 190.6 46 98.7 0.288
Ethane (C2H6) 30.07 0 305.4 48.8 148.3 0.285
Propane (C3H8) 44.09 0 369.8 42.5 203 0.281
n-Butane (C4H10) 58.12 0 425.2 38 255 0.274
n-Pentane (C5H12) 72.15 0 469.6 33.7 304 0.263
Carbon dioxide (CO2) 44.01 0 304.2 73.8 94 0.274
Trifluoromethane (CHF3) 70.1 1.6 299.3 48.6 132.7 0.259
Chlorotrifluoromethane (CClF3) 104.46 0.5 302 38.7 180.4 0.278
Difluoromethane (CH2F2) 52.02 2 351.6 58.3 120.8 0.241
Acetone (CH3-CO-CH3) 58.08 2.9 508.1 47 209 0.232
Methanol (CH3-OH) 32.04 1.7 513.1 80.9 118 0.224
Ethanol (CH3CH2-OH) 46.07 1.69 516.2 61.4 167.1 0.24 
Nitrous Oxide (N2O) 44.01 0.2 309.6 72.4 97.4 0.274
Ammonia (NH3) 17.03 1.47 405.4 113.5 72.5 0.242
Benzene (C6H6) 78.11 0 562 48.9 260 0.271
Water (H2O) 18.02 1.85 647.4 221.2 55.3 0.227
 
2.2.4. Advantages and disadvantages of CO2 
Gaseous carbon dioxide is known to be very inefficient solvent for liquids and 
solids. However, as its pressure increases (accompanied by a concurrent increase in its 
density), the solvating power of CO2 improves. Although supercritical CO2 can rarely 
match the solvent properties of conventional liquid solvents, its considerable 
solubilising power to a wide range of organic compounds was assessed by A. W. 
Francis (1954), who reported the mutual solubilities of liquid CO2 with each of 261 
other substances and presented triangular graphs of 464 ternary systems in a single 
paper. More recent studies of supercritical CO2 have been focused on the replacement 
of traditional organic solvents which are believed to be harmful to users and the 
environment. For example, chlorofluorocarbons were extensively used solvents in the 
precision cleaning industry years ago, but they are now banned due to their suspected 
involvement in reduction of the earth’s ozone layer.  
 




Of the solvents displayed in Table 2.2, carbon dioxide, on balance, may be 
considered to be an excellent supercritical solvent. Besides its solubilising potential to 
organic compounds, CO2 offers a number of other attractive and practical advantages: 
its relatively low human toxicity, general chemical inertness, natural occurrence, non-
combustibility, and further it is commercially available in high purity and at low cost, 
readily attainable critical parameters: relatively low critical temperature and pressure, 
complete recovery of the extracting agent and extracted substances, environmental 
compatibility (no ozone depletion) and solubilization characteristics similar to organic 
solvents like chlorofluorocarbons. It is these properties that render supercritical carbon 
dioxide the most significant acceptance for commercial exploitation, especially for 
high-value natural product extracts in food and pharmaceutical industries. 
Unfortunately, supercritical CO2 does not have sufficient solvent strength for 
polar species at typical working pressure (8—30MPa) due to its zero dipole moment 
and weak quadruple moment. However, the characteristics of supercritical CO2 can be 
enhanced by the addition of miscible polar solvent to the primary fluid. This second 
component is referred to as a modifier, cosolvent or entrainer. With the introduction of 
a modifier, the polarity of SCF CO2 is enhanced and so does its solvent power. 
Methanol is the most common modifier for supercritical CO2. Generally speaking, 
CO2 is an excellent medium for nonpolar compounds and a reasonably good solvent 
for moderately polar compounds.  
 




2.3 Solid-supercritical fluid equilibrium  
The bulk of research in supercritical fluids has been concerned with the 
measurement and modeling of the phase equilibria between heavy organic solute and 
SCFs.  In what follows, we will briefly review experimental techniques and modeling 
methods used in the field.   
2.3.1 Experimental Methods 
The experimental methods used to determine the supercritical fluid solubilities 
can be broadly classified as dynamic (flow) and static methods. The advantages and 
disadvantages of these two experimental techniques are discussed in detail elsewhere 
(McHugh and Krukonis, 1994). For example, the dynamic system can be used for a 
straightforward sampling procedure to obtain fractionation and stripping data, while 
the static method can be used to obtain solubility data without sampling and provide 
visional observation of phase transition behavior.  
Different analytical techniques have been employed in experimental studies 
and they can be grouped into three major categories: gravimetric, chromatographic 
and spectrometric (Bartle et al., 1991).  Of these three methods, the gravimetric 
method is the most extensively used. Most of the gravimetric methods used have the 
same basic set-up similar to that used in our present study. Briefly these methods 
involve the production of a saturated solution by passing the supercritical solvent 
through an extraction vessel loaded with the solute, followed by decreasing the 
pressure to precipitate the dissolved solute and then weighing it.  In this method, it is 
important to ensure that the supercritical solution is saturated with the solute and that 
all dissolved solute is completely collected in each experiment.  
Chromatographic methods are the second most popular analysis technique. In 
this method, the collected solute is analyzed by a suitable off-line chromatographic 
 




apparatus; or the saturated solution is directly injected into an on-line chromatograph 
through a proper sample loop. Generally, this technique is quite useful to 
quantitatively analyze the solubility of the SCF systems loaded with a low solubility 
solute or solid mixture.  
Although spectroscopic analysis is not commonly used, it is employed to 
obtain the partial molar volumes of the solute in dilute supercritical mixtures, and can 
be used to investigate molecular interactions occurring in SCF mixture such as 
hydrogen bonding (Ke et al., 1997; Gupta et al., 1993; Kazarian et al., 1993; Tomasko 
et al., 1993; Fulton et al., 1991, 1993). 
In the present study, a dynamic system coupled with gravimetric technique 
was employed to determine the solubility of single compound, i.e., cholesterol and its 
three esters, in supercritical CO2 with/without a cosolvent, while a combined 
gravimetric/chromatographic analysis was used to obtain the solubility of the solid 
mixture, i.e., cholesteryl butyrate and cholesteryl benzoate, in pure supercritical 
carbon dioxide. 
2.3.2 Solubility characteristics of supercritical solutions 
Among the unique features characteristic of the solubility behavior of a solute 
in an SCF solvent are the exponential solubility enhancement and retrograde solubility 
behavior, which may be attributed to the solvent properties in the vicinity of the 
critical point of the solvent.  
2.3.2.1 Typical solid solubility characteristics 
Let us briefly describe the unique solubility characteristics of supercritical 
fluids by considering one example of the solubility of solid naphthalene ( =mT 80.2oC) 
in supercritical ethane ( =cT 305.4 K, =cP 48.8bar).    
 

























Figure 2.5 Solubility behavior of solid naphthalene in supercritical ethane (data of 
Schmitt and Reid, 1986) 
 
Figure 2.5 shows the variation of naphthalene solubility with temperatures and 
pressures. Along the isotherms, the solubility of naphthalene in supercritical ethane 
increases with the pressure, and quite dramatically as the pressure is increased from 
50bar to 90bar, near the critical pressure of ethane. At pressures below 50bar, 
naphthalene solubility is extremely low, as expected for the solubility of an organic 
solid in a gas.  At pressure much higher than 90bar, the naphthalene solubility in 
supercritical ethane increases and approaches a certain limit as pressure increases.  
Note that the effect of temperature on the solubility is more complex. The 318.2 K 
isotherm is less sensitive to pressure changes in the region near 50bar than is 308.2 K 
isotherm. This is because changes in density (or solvent power) are more pronounced 
with changes in pressures at 308.2 K than at 318.2 K. This behavior is referred to as 
retrograde vaporization. This phenomenon can be understood by considering two 
competing temperature-dependent factors: SCF density and solid sublimation 
pressure.  An increase in either parameter while holding the other constant will result 
 




in enhanced solubility.  Since an increase in density enhances the solute-solvent 
interactions whereas an increase in analyte vapor pressure decreases solute-solute 
interaction. The retrograde vaporization behavior is observed owing to the fact that 
both factors act in a reverse way as the temperature increases or decreases. In other 
words, as temperature increases, the solvent density decreases but the solid 
sublimation pressure increases. Generally speaking, the density effect is dominant in 
the low-pressure region but the sublimation pressure effect is pronounced in the high-
pressure domain. Clearly seen in Figure 2.5 is a low solubility at 318.2 K, at pressures 
less than 90bar where the density effect is dominant, indicating a low ethane density 
compared to its density at 308.2 K. However, at pressures greater than 90bar, where 
the sublimation pressure effect is dominant, the naphthalene solubility is higher at 
318.2 K than that at 308.2 K. This may be attributed to the increasing naphthalene 
vapor pressure as temperature varies from 308.2 to 318.2 K (since the difference of 
the SCF ethane density is now not large at 308.2K and 318.2K). Although this 
example suggests that SCF solvent strength is related to solvent density, it is the 
interactions between solvent and solute molecules that determine the amount of solute 
dissolving in the SCF solvent.  The following will briefly discuss another macroscopic 
important property of the supercritical fluid mixture: the solute partial molar volume, 
which is directly related to the molecular interaction occurring in supercritical fluids. 
2.3.2.2 Partial molar volume of solids in supercritical solutions 
Like the solute solubility, the solute partial molar volume is another quantity 
of supercritical fluids that can be measured. The partial molar volume is related to the 
pressure derivative of the chemical potential, ( ) nTii Pv ,∂∂= µ , therefore it is a relevant 
thermodynamic property and is useful for testing thermodynamic models.  
 




As such, information on the partial molar volume of solute in diluted 
supercritical solutions is of importance to the understanding of solute solubility and of 
relevance to the determination of the region of practical interest where the solubility is 
extremely sensitive to pressure. It is known that large negative values of this property 
will appear in the vicinity of the critical point.  From a theoretical point of view, the 
ability to describe the partial molar volume data correctly represents a very stringent 
test for an equation of state to correlate solubility data, since this constraint requires 
that the differential form must also be correct (Eckert et al., 1983). Moreover, this 
parameter is directly related to some important molecular properties such as the 
cluster size and the types of the solute-solvent interactions (Eckert et al., 1983; Liu 
and Macedo, 1995).  
Unfortunately, up to now, only a limited amount of effort has been dedicated 
to measuring infinite dilution partial molar volume of the solute in supercritical fluids 
(Eckert et al., 1983; Eckert et al., 1986; Foster et al., 1989; Liong et al., 1991; Shim 
and Johnston, 1991; Spicka et al., 1994; Cortesi et al., 1996). The limited amount of 
iv  data is undoubtedly due to the difficulty in obtaining it, especially near the critical 
point where small changes in temperature or pressure can lead to large errors in the 
experimental values (The similar problem is commonly met in measuring solubility). 
On the other hand, quite a few workers are interested in theoretically modeling the 
partial molar volume at infinite dilution in supercritical mixtures (Eckert et al., 1983; 
Liu and Macedo, 1995; Coutsikos et al., 1997; Jeon et al., 1999).  
In the present study, the partial molar volume is used as a consistency check 








2.3.2.3 Structure of supercritical solutions 
At this point, it is instructive to briefly describe the structure of the 
supercritical mixtures before discussing the experimental work and theoretical 
development on supercritical fluid equilibrium. Compared with a liquid solution, a 
dilute supercritical solution is unusual due to its large compressibility and large free 
volume where attractive force can pull molecules into energetically favorable 
locations to form clusters.  The notion of “clustering” was first introduced by Eckert et 
al. (1983) to explain the observation of large negative partial volume very close to the 
critical point of a pure solvent. They further showed that the extremely large values of 
iv  measured corresponded to the disappearance in volume of as many as 100 moles of 
solvent per mole of solute, i.e., a solute partial molar volume of –10000cm3/mol at a 
solution density of 100cm3/mol. This clustering phenomenon occurs when smaller 
solvent molecules are found around larger solute molecules at a local density that is 
much higher than the bulk due to the fact that solute-solvent attractive forces are much 
stronger than solvent-solvent interactions. This is especially important in cosolvent 
solutions, where the specific interaction may be expected to exist between the 
cosolvent and the solute. Since then much effort has contributed towards the nature of 
solute-solvent interaction in dilute supercritical mixtures by ways of spectroscopic 
observations and subsequent theoretical interpretations (for examples, Kim and 
Johnston, 1987; Yonker and Smith, 1988; Brennecke and Eckert, 1989; Brennecke et 
al., 1990). The spectroscopic investigations and the limited iv  data indicate that there 
is an unusually strong interaction between the solute and the solvent that results in a 
local density higher that the bulk and the local composition is enriched with the 
cosolvent in the polar cosolvent systems (Brennecke and Eckert, 1989).   
 




The clustering of smaller solvent molecules around larger solute molecules in 
the mixtures at a local density much higher than the bulk is now viewed as the 
consequence of a dynamic interchange of excess solvent molecules entering and 
leaving the proximity of the solute molecule, due to the attractive solvent-solute 
interactions. The dominant types of these interactions (e.g., dispersion, polar, 
hydrogen bonding) depend on the physical characteristics of each of the species in the 
mixture.   
2.3.3 Solid solubility behavior in pure SCFs  
There has been currently great interest in supercritical fluid extraction for both 
analytical applications (for example, Hawthrone, 1990) and engineering processes 
(see, McHugh and Krukonis, 1994). SCF extraction has gained increased attention as 
a potential replacement for conventional liquid solvent extractions because of its 
ability to quantitatively remove organic pollutants from environmental solids and 
extract pharmaceuticals from natural products in a fraction of the time (Hawthrone, 
1990; Langenfeld et al., 1993; McHardy and Sawan, 1998).  Among the factors 
responsible for the limited acceptance of the SCF extraction processes and other SCF 
technologies to date, a lack of sufficient supercritical solubility data has been 
frequently cited (Eckert et al., 1996; McHugh and Krukonis, 1994; Akgerman et al., 
1991; McNally, 1995; Wright et al., 1988).  
Fortunately, over the last few decades, a wealth of information on the 
solubility of individual compounds in supercritical fluids with or without cosolvents 
has been published in the literature, which forms an important part of establishing the 
technical and economical feasibility of any supercritical fluid technology. A review 
paper by Bartle et al. (1991) compiles solubility data on a wide variety of solids and 
liquids in supercritical CO2.  Since then, new equilibrium solubility data of single 
 




solid in supercritical solvents have been published (e.g., Yu et al., 1995; Miller and 
Hawthrone, 1996; Anitescu and Tavlarides, 1997) 
Among those studies of the phase equilibrium of SCF fluids, the investigated 
solutes are changing from miscible liquids, low-volatile solids to non-volatile solids.  
These solutes generally fall into two categories: the first consists of a series of simple, 
mostly aromatic hydrocarbons such as naphthalene; the other is a wide variety of 
solutes of practical importance, ranging from food and pharmaceutical products such 
as cholesterol (Kosal et al., 1992; Yun et al., 1991; Wong and Johnston, 1986; 
Chrastil, 1982) to pesticides and contaminants such as DDT (Macnaughton and 
Foster, 1994, Macnaughton, et al., 1995). Naphthalene has always been selected as a 
model compound (Chen and Tsai, 1995; Gurdial and Foster, 1991; Lamb et al., 1986; 
Kurnik et al., 1981; Mackay and Paulaitis, 1979).  
With the aim of using supercritical fluids (especially carbon dioxide) to 
replace liquid solvents in food and pharmaceuticals processing, it is vital to study the 
solubility behavior of components of food and pharmaceuticals in supercritical 
solvents.  
In order to do this, β-carotene and cholesterol may be seen as two model 
compounds among those investigated high-molecular-weight solids and has been 
extensively investigated their behavior in supercritical solvents (for examples, 
cholesterol, Foster et al., 1993; Singh et al., 1993; Kosal et al., 1992; Yun et al., 1991; 
Wong and Johnston, 1986; Chrastil, 1982).  
Unfortunately, the inconsistencies among the published solubility data were 
frequently reported. Examples of discrepancy in cholesterol and caffeine data are 
discussed in Chapter 6 and Chapter 8. Furthermore, accurate thermodynamic models 
 




describing these systems are not yet available. Such data and models are necessary for 
design and scaleup of any practical processes. 
In our study, the solubilities of free cholesterol and its three esters, i.e., 
cholesteryl acetate, cholesteryl butyrate and cholesteryl benzoate, in pure supercritical 
CO2 are determined over a wide range of temperature and pressures. To date, several 
studies (Foster et al., 1993; Singh et al., 1993; Kosal et al., 1992; Yun et al., 1991; 
Wong and Johnston, 1986; Chrastil, 1982) on the solubility of cholesterol in SCF CO2 
and other SCF solvents have been reported. Our work on cholesterol and its esters will 
expand the existing database for the compound. 
2.3.4 Cosolvent effect on the solid solubility behavior in SCFs  
Supercritical fluid carbon dioxide, as described previously, offers several 
advantages compared with organic liquid solvents for separations and reaction 
processes of thermally labile non-volatile biomolecules. A major limitation is that 
polar biomolecules are only slightly soluble in CO2 because it lacks polarity and the 
capacity for specific solvent-solute interactions. A properly selected modifier is 
introduced into the supercritical carbon dioxide to enhance its solvating power.  It has 
been found that the addition of a small amount of polar co-solvent to supercritical CO2 
can have dramatic effects on its power to polar organic compounds. A number of 
studies of polar solids/SCF/co-solvent solubility have been reported to date (Guan et 
al., 1999a, b, 1998a, b; Zhong et al., 1997; Ke et al., 1996; Koga et al., 1996; 
Johannsen and Brunner, 1995; Gurdial et al., 1993; Foster et al., 1993; Ting et al., 
1993; Ekart et al., 1993; Lemert and Johnston, 1991; Cygnarowicz et al., 1990; Walsh 
et al., 1987; Wong et al., 1986). The increase in the solubility of the solute in the 
presence of a co-solvent is believed to be the result of additional interactions between 
the solute and the co-solvent. The exact mechanism for co-solvent effect on solute 
 




solubility is complex and may be caused by several mechanisms. Generally, the 
solvent mixture density tends to increase with the addition of a small amount of a co-
solvent into the primary solvent. The increased solvent mixture density will lead to an 
increase of the solubility of the organic solute. The introduction of a cosolvent into 
CO2 will also introduce additional dipole-dipole, dipole-induced dipole, induced 
dipole-induced dipole interactions among the co-solvent and solute molecules, and, in 
some case, between the cosolvent molecules and the solvent molecules.  However, 
when a polar co-solvent for polar solutes is used, the largest contribution to increased 
solubility of the solute in SCF solvents is expected to be a result of polar associating 
interactions like hydrogen bonding or charge transfer complex formation between the 
cosolvent and the solute. Several researchers (Ke et al., 1997; Gupta et al., 1993; 
Kazarian et al., 1993; Tomasko et al., 1993; Fulton et al., 1991, 1993) have used 
various spectroscopy technologies to investigate the intermolecular interactions in 
supercritical fluids, confirming the existence of hydrogen bonding among the solute 
molecules and the cosolvent molecules. 
In this work, we report equilibrium solubility of cholesterol and cholesteryl 
benzoate in supercritical CO2 by adding a small amount of polar cosolvents to pure 
SCF CO2. We consider methanol and acetone as a co-solvent to examine its effect on 
the solubility of cholesterols.  
2.3.5 Cosolute effect on the solid solubility behavior in SCFs  
Up to now, many studies have only presented solubilities of a wide variety of 
pure compounds under a variety of temperature and pressure conditions in 
supercritical fluids with or without cosolvents. In contrast, solubility data derived 
from the multi-solute systems have been reported less frequently. The study of multi-
solute systems is more important because many potential applications of SCF 
 




technology involve the extraction of valuable compounds from a matrix of 
components, e.g., extracting the effective main components from Chinese herbs for 
medical uses (e.g., Cui et al., 1996; Chen et al., 1996).  Furthermore, the relatively 
small number of studies on the solubility of solids mixture reported in the literature 
(Lucien and Foster, 2000) suggests that further research in this area is needed. 
Because of the presence of two solutes, intermolecular interactions between 
components can significantly alter the solubility of the solids in supercritical fluids, 
particularly in situations where the solutes contain potential hydrogen-bonding sites. 
Similar to the effect of co-solvent on solute solubility, we expect that the solubilities 
of individual solutes in a multi-solute/solvent system can be significantly different 
from their respective binary solubilities (solute/solvent system) in the presence of a 
co-solute.  
Solubility enhancement in multi-solute supercritical systems is commonly 
found. An early example is the benzoic acid/naphthalene/CO2 system reported by 
Kurnik and Reid (1982). It was observed that the solubility of benzoic acid is 
enhanced up to 280% while the corresponding increase for naphthalene is only 107%. 
To explain the observed solubility enhancement, Dobbs and Johnston (1987) 
recommended that the solubility of a solid in such ternary system would increase, 
relative to its binary system, in proportion to the solubility of the other solid in the 
ternary system. Therefore the effect of the co-solute on other solutes is similar to the 
cosolvent effect as described before; this means that the higher the concentration of a 
co-solute in SCF CO2, a greater solubility enhancement on other solutes will result. 
Such explanation is also verified by another study on the progesterone, testosterone 
and cholesterol system (Kosal et al., 1992). In their study, it was found that 
progesterone is the most soluble in pure SCF CO2, followed by cholesterol, and 
 




testosterone. The solubility enhancement in the ternary systems is most pronounced 
for testosterone, followed by cholesterol and progesterone. For example, the 
cholesterol solubility in the progesterone/cholesterol/CO2 systems was enhanced by 
up to four times its solubility in progesterone free system; in contrast, the largest 
increase in the solubility of progesterone was only 30%.  On the other hand, 
Cholesterol solubility in the testosterone/cholesterol/CO2 was enhanced by a relatively 
small 25% compared with 400% enhancement for testosterone.  
Alternatively, several workers (Kurnik and Reid, 1982; Lemert and Johnston, 
1990) accounted for this observation in terms of the upper critical end point. Solubility 
of solids in SCF solvents increases significantly near the upper critical end point. It is 
believed that for the ternary systems the upper critical end point generally occurs at a 
lower temperature than that of the binary systems. Thus under the same conditions 
higher solubility would be expected in the ternary systems since they approach the 
upper critical end point.  But such consideration may not quantitatively account for the 
considerable difference in solubility enhancement among the solutes. 
Typically, the degree of such solubility enhancement in mixed solid systems is 
much lower than that observed in cosolvent systems. Such solubility enhancement is 
not always preferred for practical applications. In the benzoic acid/naphthalene/CO2 
system (Kurnik and Reid, 1982), the solubility of benzoic acid in SCF CO2 is 
increased by a factor of around 2; this increase in solubility actually reduces the 
separation of the solid mixture because the overall solubility of benzoic acid in SCF 
CO2 is lower than, by approximately an order of magnitude, that for naphthalene.  
In contrast to the solubility enhancement, a co-solute may affect the solubility 
in the trend of diminution. Such observation has been found in some systems reviewed 
by Lucien and Foster (2000).  
 




Upon reviewing all the multi-solute systems published so far, one finds that 
almost all researchers, except Liu and Nagahama (1997), considered the simple 
eutectic solid systems where solutes are physically mixed at 50:50 mole or mass ratio. 
For these simple eutectic solid mixtures, the solute-solute interaction under 
supercritical conditions can be usually neglected. Thus the solid component solubility 
is independent on the bed composition chosen.  However, the case may be different 
for non-simple eutectic mixtures. In the study of Liu and Nagahama (1997), solid 
solution and physical mixture of pure solids of anthracene and phenanthrene were 
investigated. The solubilities in pure SCF CO2 for both individual solids were found to 
be moderately dependent on the solid solution composition used but independent of 
the mixture composition when the two pure solids are physically mixed.  This 
difference, according to the authors, was related to the number of Gibbs degrees of 
freedom that is 3 and 2 for solid solution and physically mixed solids, respectively. 
However, this example may not provide a general indication of the behavior of all the 
multiple-solute systems in supercritical CO2 since the solutes may experience a 
transition such as partly forming a solid solution or liquid solution in this high 
pressure processing. 
The complex phase behaviors of multi-solid mixtures in supercritical carbon 
dioxide have been investigated by numerous investigators (Kosal and Holder, 1987; 
Gopal et al., 1985; Chang and Morrell, 1985; Lemert and Johnston, 1990; Iwai et al., 
1992; Mori et al., 1993; Chung and Shing, 1992; Eckert et al., 1995). Further, the 
existence of melting point depression and eutectic point was observed in their studies. 
As melting occurs, the solid-co-solid-SC fluid equilibrium will be replaced by solid-
co-solid-liquid-SC fluid equilibrium. Therefore, examination of the phase behavior 
and attention to the melting point depression and eutectic point are essential in order 
 




to understand and interpret the solubility behavior observed for multi-solid system in 
supercritical fluids (Lucien and Foster, 2000). 
The purpose of the work here is to investigate the behavior of ternary systems 
consisting of two solid solutes (two cholesterols mixture) in equilibrium with a single 
SCF. The chosen cholesteryl esters may possibly form a solid solution since they 
possess similar structure. We measured the solubilities of two cholesterols mixture at 
different bed compositions in pure supercritical carbon dioxide by means of the well-
developed continuous-flow technique coupled with the chromatographic analysis. 
2.3.6 Thermodynamic modeling for the supercritical fluids  
In a supercritical fluid process, when a SCF solvent is contacted with solute at 
conditions near the critical point of the solvent-solute mixture, multiple phase 
equilibrium involving vapor, liquid, or solid phases may occur, depending on the 
mixture compositions and pressure and temperature conditions. Typical phase 
behavior variations are documented in several books (McHugh and Kroukonis, 1994; 
Kiran et al., 2000), which reveal interesting features of the SCF phase equilibria. 
However, to model and predict such phase behavior for both qualitative and 
quantitative understanding still poses a serious challenge due to the molecular 
complexities of the solutes, uncertainties in specific interactions in dilute supercritical 
solutions at high pressures, and high compressibility of the SCF solvent. There are 
two aspects of modeling supercritical fluid phase behavior. One is the prediction of 
critical boundaries. And the other is the prediction of equilibrium solubilities of the 
solutes in SCF solvent. 
Researchers have applied different thermodynamic models to solid-fluid, 
solid-fluid-cosolvent and other multiphase supercritical fluid systems (Johnston et al., 
1989; Alshor et al., 1999). Recently, Wei and Sadus (2000) reviewed a wide range of 
 




equations of state from cubic equations for simple molecules to theoretically based 
equations for chain molecules and various mixing rules used for mixtures.  It is 
believed that these equations can serve as powerful tools for the prediction of the 
phase behavior of various systems, including complex supercritical fluids.  
The thermodynamic relations used to model the solubility of a solid in a SCF 
phase are given by Prausnitz et al. (1999). Using the criterion for phase equilibrium, 
the classical thermodynamic relationship can be used to calculate the fugacities of the 




i ff ˆ=          (2-1) 
where sif  and  
scf
ifˆ represent the fugacity of component i  in the solid phase and the 
supercritical fluid phase, respectively. 
For solid-supercritical fluid equilibria, the solubility of the solvent in the solid 
phase can be considered negligible and assumed pure.  Since experimental conditions 
are almost far from the solid component’s critical point, the solid phase can be 
considered incompressible, and its volume should be independent of pressures and 
temperatures.  In such case, the equation for the fugacity of the nonvolatile solute 















i expϕ        (2-2) 
where siP is the solid sublimation pressure, 
s
iϕ  is the solid fugacity coefficient at 
saturation, and siv  is the solid molar volume. Due to the nonvolatile nature of the 
solid, the fugacity coefficient at saturation conditions, siϕ , is always set to unity. Thus 
all nonideal behavior exhibited by solid-supercritical fluid equilibria systems is 
attributed to the behavior of the supercritical fluid phase.  
 




The supercritical phase can be modeled in two ways: as a compressed gas or as 
an expanded liquid. If the supercritical fluid phase is treated as a highly compressed 
gas, the fugacity of the solid component i  in the fluid phase can be calculated from 
Pyf scfii
scf
i ϕˆˆ =         (2-3a) 
where iy  is the mole fraction of component i , and 
scf
iϕˆ is the fugacity coefficient of 
component i  in supercritical fluid phase. It may be calculated using the following 









1ˆlnϕ        (2-3b) 
where iv  is the partial molar volume of component i .  
If the supercritical fluid phase is treated as an “expanded liquid”, then the 
fugacity of the solute component i  can be expressed as:  
( ) ( ) ( ) 

= ∫PP iiiisiisiLsiscfi si RT dPPyvyyPPff ,exp,ˆˆ , γ     (2-4) 
where ( )2,ˆ yP siiγ  is the activity coefficient at the reference pressure, and ( )siLsi Pf ,  is 
the reference liquid fugacity.  
Comparing such two treatments, it is seen from Eqs. (2-3b) to (2-4) that both 
are similar in that each has an integral of iv  over pressure. However, few techniques 
are available to calculate the reference activity coefficient, i.e., ( )2, yP siiγ . It is for this 
reason that the expanded liquid model is less frequently applied for modeling 
supercritical fluids.  
When the compressed gas model is chosen, the reference state is always set at 
zero pressure, thus requiring the equation of state to be accurate throughout the critical 
region. Obviously this is a stringent requirement for most equations of state. However, 
 




such compressed gas treatment can be easily developed by applying the equation of 
state and therefore has been adopted predominantly in the literature. 
Cubic equations of state model could be readily used to correlate experimental 
data (for examples, Mackey and Paulaitis, 1979; Kurnik et al., 1981; Kurnik and Reid, 
1982; Debenedetti and Kumar, 1986; etc). However, there are several limitations to 
this approach as addressed by Johnston (1989). For instance, the critical properties 
required by cubic equations are often unavailable for high-molecular-weight 
chemicals, they must be calculated using certain estimation methods applied to small 
molecules, therefore introducing additional and in some cases considerable errors.  
Along with these models, various more complicated perturbed equations of 
state (Johnston and Eckert, 1981; Johnston et al., 1982; Wong et al., 1985; Dobbs et 
al., 1986, 1987; Lee et al., 1994) have also been developed for solid-supercritical fluid 
systems. However, these equations involve complicated calculations to correlate and 
predict the supercritical fluid behavior. The key advantage of these models is that it is 
not necessary to know the critical properties of the solutes; instead it needs the 
enthalpy of vaporization of the solutes to determine the interaction parameters. 
Unfortunately, these properties are not readily available for most high-molecular 
weight organic solids such as pharmaceuticals and food components. Additionally, 
lattice models (Kumar et al., 1987; Van der Haegen et al., 1988; Mandagaran and 
Campanella, 1993) are also employed for supercritical fluids. The strength of the 
lattice models is their ability to account for mixture with large size difference 
involving a polymer. However, in this approach, the solute molar volume and PVT 
data are required.  
Besides the equations of state approach, there exist several empirical equations 
(for examples, Chrastil, 1982; Kumar and Johnston, 1988) that have been used to 
 




correlate SCF solubility data as a function of supercritical fluid density. Since the pure 
solvent density is readily available in the literature, these empirical equations do not 
require any physical property. Because of this simplicity, these models are 
recommended for correlating solubility isotherms.   
In this research, Peng-Robinson equation of state (PR EOS) with one-
interaction-parameter mixing rule was used to model all the systems investigated.  In 
order to capture the solid-supercritical CO2-cosolvent systems, a PR EOS plus 
association model was used and compared with the classical PR EOS. Further, the 
perturbed Lennard-Jones chain (PLJC) equation of state was introduced to correlate 
the solubility behavior of supercritical fluids. This equation, based on Chiew’s Percus-
Yevick Integral Equation Theory (1990), was proposed and developed by Chiew and 
co-workers (O’Lenick and Chiew, 1995; Von Solms et al., 1999; Chiew et al., 1999; 
Lee et al., 2000).  
 
2.4 Cholesterols 
Cholesterol and its derivatives are important intermediates of steroids in the 
living body. For example, cholesterol, in the form of either free or esterified 
cholesterol, is a major component of all mammalian plasma membranes that is vital to 
cell growth and survival (Kuo and Yeung, 1982).  In recent years, there has been 
considerable interest in understanding the role of cholesterols in human nutrition 
(Naseem and Heald, 1987; Sevanian and Peterson, 1986; Peng et al., 1990, 1991; 
Morin et al., 1989, 1991; Dorset, 1992; Peng and Morin, 1992; Boesinger et al., 1993). 
A large body of evidence has indicated a strong link between elevated blood 
cholesterol levels and coronary heart disease (Gordon et al., 1989; Peng and Morin, 
1992; Boesinger et al., 1993; Ludwig et al., 1997; Wilson et al., 1998; Breslow, 2000). 
 




Furthermore, cholesterol can undergo autoxidation under various conditions to yield a 
large variety of oxidation products. These oxysterols, which possess biological 
activity, seem to play an important role in the development of human atherosclerosis 
(Morin and Peng, 1989; Peng et al., 1990, 1991). Thus, the presence of cholesterol and 
oxysterols in foods and milk products has been the subject of many studies (e.g., 
Missler et al., 1985; Sander et al., 1989; Schmarr et al., 1996). Due to the potential 
health risks, there is immense interest to develop low cholesterol foods as reflected in 

















Figure 2.6 Chemical structures of cholesterol and its three esters: (a) cholesterol; (b) 
cholesteryl acetate; (c) cholesteryl butyrate; (d) cholesteryl benzoate. 
 
Furthermore, cholesteryl fatty esters represent the principal series for one of 
the three basic classes of liquid crystals, the cholesteric mesophase (Galanti and 
Porter, 1972). Indeed many of these esters are polymorphic liquid crystals which 
exhibit both smectic and cholesteric mesophase. The optical properties of these 
cholesteric-type liquid crystals have made them attractive for practical applications, 



















crystals can be used as biosensors for clinical applications to detect the defects and 
malfunctions in human being (Lin, et al. 1995, 1996). 
In our present work, we have systematically investigated the solubility of 
cholesterol and its three esters in supercritical carbon dioxide at different pressures 
and temperatures.  The structures of cholesterol and its three esters, namely, 
cholesteryl acetate, cholesteryl butyrate and cholesteryl benzoate, are shown in Figure 
2.6.  It is clearly seen that all four compounds have the same hydrocarbon skeleton but 
each with a different polar head. The differences in their structures will strongly affect 
their respective solubilities in the nonpolar SCF carbon dioxide  
 
2.5 Rapid expansion from supercritical solution (RESS) process 
Besides the equilibrium based extraction process discussed above, supercritical 
fluid technology has been exploited and used to produce sub-micron sized fine 
particles of various substances. Currently two common routes for particle formation in 
supercritical fluids are available:  rapid expansion from supercritical solutions (RESS) 
and supercritical antisolvent process (SAS).  
Fine particles, with narrow size distribution, are used in reaction, catalysis and 
adsorption processes. Traditionally, particles are powdered through crushing, 
grinding, ball milling, and precipitation from solutions for particle size redistribution. 
Powders produced in the former three routes do not yield uniform size distribution, 
while solvent may exist in the particles precipitated in the last method.  Nucleation 
from supercritical fluids is an alternative comminution technique that can alter particle 
size and size distribution at mild conditions without the above disadvantages. 
In the RESS process, a supercritical solution with dissolved solute is rapidly 
expanded through a well-designed micrometer sized nozzle. This brings about 
 




appreciable supersaturation, produces fast nucleation and uniform crystal growth and 
hence small particles with a narrow size distribution.  In SAS, the supercritical fluid is 
used as an anti-solvent. The solid of interest is dissolved in a liquid, and a supercritical 
fluid is added to precipitate the solid. The most outstanding characteristics of particle 
formation from supercritical fluid technology are the possibility of obtaining solids 
with unique morphologies and submicron size for a wide range of materials. However, 
the understanding of supercritical fluid to particle formation, and the exploration of 
the feasibility of this technology, is still in its infancy. 
The first observation on the possibility of obtaining ultrafine particles through 
supercritical fluid processing and in particular from a decompression of the 
supercritical fluid was made by Hannay (Hannay and Hogarth, 1879) more than a 
century ago. Krukonis (1984) revived the interest by demonstrating the potential of 
supercritical fluids for processing a variety of difficult-to-comminute solids and 
producing submicron particles and nanoparticles of materials of interests. A major 
advantage of using supercritical fluids is the possibility of producing solid powder 
with unique morphology at mild and easily tunable operating conditions. 
The solvent power of a supercritical fluid is strongly dependent on its density 
and can be readily adjusted between gas-like and liquid-like extremes with moderate 
changes in pressure. The ratio of actual solubility to that predicted by assuming ideal 
gas behavior at the same pressure and temperature, that is, the enhancement factor, 
can be as high as 106 for dilute mixture of nonvolatile solutes in supercritical solvents 
(Debenedetti, 1990). Because of the high enhancement factors, the rapid expansion of 
supercritical solution (RESS) to near ambient conditions thus causes loss of solvent 
power and results in large supersaturations. The solute material becomes essentially 
insoluble in the lower pressure gas and hence it precipitates out of the solution and 
 




forms particles and/or fibers. Pressure reduction results in a mechanical perturbation 
that travels at the speed of sound, favoring rapid attainment of uniform conditions 
within the expanding solutions. The combination of large supersaturations and 
uniform conditions is a distinguishing feature of the RESS process, which can in 
principle produce submicron and nearly monodisperse particles.    
RESS is typically used in the absence of other solvents: the system to be 
processed is a binary mixture consisting of the solute and the supercritical solvent at a 
given temperature and pressure. In RESS process, equilibrium between the solute and 
supercritical solvent is reached at temperatures well below the melting point of the 
solute. The dilute but saturated supercritical phase is then rapidly expanded through a 
nozzle and hence producing ultrafine particles with sharp distribution.  
The rapid expansion of a supercritical solution to ambient conditions through a 
nozzle such as a valve, orifice or capillary (which support a large pressure drop) leads 
to a large cooling rate, resulting in high supersaturation with homogeneous nucleation 
and particle growth. In order to describe particle growth along a RESS path, 
Debenedetti (1990) proposed a modified classical nucleation theory, and used this 
model to quantitatively describe the free energy of formation of a nucleus, number of 
molecules in a critical nucleus, critical nucleus size and nucleation. Kwauk and 
Debenedetti (1993) described a detailed mathematical model of nucleation and 
particle growth during the expansion of dilute supercritical solutions in a subsonic 
converging nozzle. In contrast to the work of Debenedetti and co-workers, Shaub et al. 
(1995) and Reverchon and Pallado (1996) considered the flow of real gases in a 
supersonic freejet in a different way. Shaub et al (1995) presented a purely radial flow 
model with adiabatic expansion of a supercritical solution into a vacuum. Reverchon 
and Pallado (1996) divided the complete expansion path into three parts: capillary 
 




entrance, capillary nozzle and freejet and presented a hydrodynamic modeling with 
detailed temperature and pressure profiles along the RESS expansion path. Besides, 
Lee and Shine (1992) proposed one model of the expansion of a supercritical solution 
as frictional flow in a tube. Preliminary theoretical work shows the complexity of the 
RESS process and can only give incomplete interpretations of experimental results. 
The RESS processing of thermo-labile materials, like organic compounds and 
pharmaceuticals has been studied by different investigators (Larson and King, 1986; 
Chang and Randolph, 1989; Tom and Debenedetti, 1991; Liu and Nagahama, 1992, 
1994; Phillips and Stella, 1993; Reverchon et al., 1993, 1995; Ksibi et al., 1995; 
Alessi et al., 1996; Domingo, et al., 1997, Krober et al., 2000, Charoenchaitrakool et 
al., 2000, Rehman  et al., 2001, Turk et al., 2002, Kayrak et al., 2003, He et al., 2003). 
These studies suggest organic solids and pharmaceuticals could be micronized by 
RESS method. The RESS process has also been used to produce ceramic powders and 
films (Peterson et al., 1986; Matson et al., 1987a, b; Murphy and Miller, 1987), 
polymer powder and fibers (Peterson et al., 1986, 1987; Matson et al., 1987a, b; Tom 
et al., 1991, 1994; Lele and Shine, 1992, 1994; Mawson et al., 1995, Matsuyama et al., 
2001, He et al., 2003). The product morphology, however, can alter considerably 
depending on the choice of solution components and operating conditions used in the 
process. Several authors (Mohamed et al., 1989; Lele and Shine, 1994; Tom et al, 
1994; Alessi. et al., 1996; Liu and Nagahama, 1996) have investigated the effects of 
various factors (temperature and pressure in the extraction unit and in the pre- and 
post-expansion chambers, nozzle aspect ratio and diameter, solubility and the nature 
of solute-solvent interaction) on RESS products, however mostly in exploratory 
studies. These factors were found to have strong cross-interactions on the RESS 
 




products. Therefore the influence of the above factors should be fully considered 
while RESS method is applied to micronize the solids.   
In the present study, investigation on the technical feasibility of using RESS to 
produce submicron particles of pharmaceutical products encapsulated in poly-lactic-
co-glycolic acid (PLGA) was carried out. The study of RESS process may ultimately 
lead to the fabrication polymeric microspheres and microparticles loaded with 
pharmaceuticals for controlled drug-delivery applications using the technique of rapid 
expansion of supercritical solutions.  
In order to extend RESS technique to other pharmaceuticals with high 
molecular weight, the fundamental solubility data in supercritical solvents are 
necessary to investigate the feasibility of RESS process and should be measured. The 
next several chapters present experimental and modeling studies on solubility 
behavior of solids in supercritical fluids. 
 
2.6 Conclusion 
To summarize, this chapter presents the practical advantages of supercritical 
fluids over other conventional liquid solvents and describes the various aspects of 
supercritical fluid equilibrium centered on solubility issue (in the presence and 
absence of cosolvent or cosolute) such as solubility behavior, partial molar volume, 
clustering, cosolvent effect and cosolute effect. Also discussed are the importance of 
cholesterols that are chosen as the solutes in this study, and method for particle 
formation through rapid expansion of supercritical solutions.   
 
 




CHAPTER 3 MODELING METHODS 
 
3.1 Introduction  
With extensive research in supercritical technology, there is a need for 
thermodynamic models to quantitatively predict the phase behavior of supercritical 
fluid systems. The most common approach has been to treat the SCF phase as a dense 
gas where fugacity coefficients are calculated through the use of an equation of state. 
In this approach the results are often very sensitive to the mixing rules used for the 
interaction energy and size parameters of the solute and the solvent molecules. 
Another approach is to treat the SCF phase as an expanded liquid. This method, 
however, has received comparatively less attention.  
In the equation of state approach, the accuracy of the solubility is essentially 
dependent upon the accuracy of the required physical properties of system 
components and solute fugacity calculations obtained by the selected model. It should 
be emphasized that the supercritical mixtures are highly compressible and strongly 
asymmetric with respect to the size and attractive energy of the constituents as well. 
As summarized by Johnston et al. (1989) and Ashour et al. (2000), a number of 
equations of state models have been used to describe the solubility behavior of organic 
solids in supercritical fluids.  
In the second approach, density-based models are used to correlate the 
solubility data.  In recent years, numerous empirical correlations have been proposed 
for convenient solubility data correlation; such information will be presented later on. 
The purpose of this chapter is to present in detail the standard mathematical 
models that have been extensively used for solid-supercritical fluid equilibria. This 
 




chapter is organized as follows. Section 3.2 presents several commonly used cubic 
equations of state and the Peng-Robinson equation that is used in our study. Section 
3.3 introduces the density-based correlations recently proposed for supercritical 
solutions to process the solubility data. A brief summary of this chapter is given 
Section 3.4.  
 
3.2 Equation of state approach 
3.2.1 Enhancement factor 
As mentioned previously, the supercritical fluid phase is the intermediate 
between the liquid and the gas state. The SCF phase may be regarded as a compressed 
gas or an expanded liquid phase. However, the compressed-gas treatment in modern 
modeling studies is preferable due to the ease of access to most of equations of state 
models.  
Upon equating the fugacities of a solute in the supercritical fluid (Eq. 2.3a) and 
pure solid phase (Eq. 2.2), the solubility, iy , of the solid i  in the supercritical fluid 




















ϕ         (3.1) 
where siP , 
s
iϕ , scfiϕˆ and siv  represent the vapor pressure, solid vapor pressure fugacity 
coefficient, SCF phase fugacity coefficient, and molar volume of the solid i , 
respectively. 
Eq. (3.1) may be written in terms of the enhancement factor E  that is defined 
as the enhancement of actual mole fraction solubility of the solid i , iy , over the 
solubility in an ideal gas PP si , i.e.,  
 








i =          (3.2) 













ϕ        (3.3) 
As shown in Eq. 3.3, the enhancement factor E  is given as the product of 
three correction terms: fugacity coefficient of the pure solute i, Poynting correction 
factor, and fugacity coefficient of the solute component i in the supercritical fluid 
phase. The fugacity coefficient of the pure solute i, siϕ , is approximately unity as the 
sublimation vapor pressure, siP , is quite small. The Poynting factor which arises from 
the influence of pressure on the fugacity of the solid phase, cannot be neglected due to 
the large pressure difference between P and siP .  The fugacity coefficient of the solute 
component in the supercritical fluid phase, scfiϕˆ , which can be evaluated from the 
chosen equation of state, has the greatest influence on E  as it can render E  exceed 
103 (see section 5.4.3). 
3.2.2 Cubic equation of state approach 
Cubic equations of state are simple equations capable of modeling the fluid 
phase equilibrium behavior. For example, the Redlich-Kwong equation of state (RK 
EOS) (Redlich and Kwong, 1949), the Soave- Redlich-Kwong equation of state (SRK 
EOS) (Soave, 1972), and the Peng-Robison equation of state (PR EOS) (Peng and 
Robinson, 1976) have been successfully used to accurately describe the PVT behavior 
of various fluids over wide ranges of temperatures and pressures.  
These pressure-explicit equations consist of two terms, one of which accounts 
for molecular repulsion (in terms of b ) and a second term that accounts for molecular 
 




attraction (in terms of a ). As shown by Abbott (1979), a general expression for many 
popular cubic equations of state may be represented in the form of an extended Van 




RTP ++−−=        (3.4) 
Equivalently, equation (3.4) may be written in terms of compressibility factor, as 
given: 




Pvz = , 22* TR
aPA =  and 
RT
bPB =* . 
The parameters a  and b  stand for a measure of the intermolecular attractive 
energy and the molecular size, respectively, and can be calculated from the critical 
properties and acentric factor of the pure fluid. Furthermore, a  is temperature 
dependent. The detailed expressions for a  and b  for each of three commonly used 
cubic equations are given in Table 3.1. The respective values of u  and w  for these 
equations are also listed in Table 3.1. 
 
Table 3.1 Constants for three cubic equations of state 
Equation u  w  b  a  
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In this study, we use the Peng-Robison (PR) (Peng and Robinson, 1976) 
equation of state to model solubility data.  In addition, the recently developed 
Perturbed Lennard-Jones Chain equation of state (PLJC EOS) (Chiew et al., 1999) is 
extended to various binary supercritical systems. Further, a new association 
augmented Peng-Robinson equation is used to describe cosolvent systems. These two 
equations along with modeling results will be presented in Chapters 8 and 9, 
respectively, and are not discussed in this chapter. 
3.2.3 Mixing rules: 
Generally, the classical VDW one fluid quadratic mixing rules are used to 
extend the cubic equations of state described above to model supercritical solutions. 




















        (3.6b) 
where n  is the number of components in the mixture; ija  and ijb  are cross parameters 
given by the combining rules below: 
( ) ( )01 =−= iiijjjiiij kkaaa       (3.7a) 




b       (3.7b) 
where iia  and iib  are the pure component parameters. The quantities ijk  and ijl  are 
adjustable binary interaction parameters that are generally assumed to be independent 
of pressure and composition; they are usually determined by fitting phase equilibrium 
experimental data.  The numerical value of ijk  is typically in the range of –1 to +1 and 
 




has a large effect on the accuracy of phase equilibria calculations. For example, ijk  
usually adopts a negative value for molecular pairs that interact with a strong 
attractive interaction (e.g., as hydrogen bonding or complex charge-transfer 
clustering). In most cases, ijl  is taken to be zero. 
For any cubic equation of state shown in Eq. 3.4, a general expression for 
fugacity coefficient scfiϕˆ (Eq. (3.1)) may be written as follows:  
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2 5.0δ  
The accuracy of EOS models is extremely sensitive to the mixing rule used to 
describe the interaction energy and size of dissimilar components in a mixture. Several 
non-conventional mixing rules have been developed to predict the solid solubilities in 
SCFs including the density-dependent rule (Kosal et al., 1992), composition-
dependent mixing rule (Cygnarowicz et al., 1990) and convolume-dependent mixing 
rule (Mukhopadhyay and Rao, 1993).  Further, the Wong-Sandler mixing rule (Wong 
and Sandler, 1992), a theoretically correct mixing rule for Cubic EOS, has been 
successfully used to describe the phase behavior of binary and ternary solid-
supercritical fluid mixtures (Cross and Akgerman, 1998; Escobedo-Alvarado et al., 
2001). However, each mixing rule along with the chosen EOS model must be 
evaluated on a case-by-case basis to determine its ability to accurately describe the 
supercritical solution. For example, the Wong-Sandler mixing rule along with the 
Peng-Robinson equation was not able to directly model the solid mixture-SCF 
systems (Cross and Akgerman, 1998).  
 




3.3 Density-based correlations 
Besides the equation of state approach described above, several empirical 
density-based equations (e.g., Chrastil, 1982; Kumar and Johnston, 1988) have been 
used to correlate SCF solubility data. In these models, solubility data are correlated 
against measurable parameters such as temperature, pressure, pure solvent density, 
and solid vapor pressure.  The pure solvent density, i.e., SCF CO2 density, is usually 
available in the literature. In contrast to the equation-of-state models, density-based 
equations do not require physical properties such as critical properties, acentric 
factors, etc. Because of their simplicity, these models are recommended for correlating 
solubility isotherms. 
3.3.1 The iyln vs. ρln or ρ  linear models 
Chrastil (1982) first used a chemical equilibrium theory to describe the solute-
solvent associated clusters and derived an equation that relates solubility of the solute 
to solvent density and absolute temperature throughout the entire pressure range. This 
model may be written: 
Tcccyi /lnln 210 +⋅+= ρ        (3.9) 
 where ρ  is the SCF solvent density (mole/m3), and the parameters 0c , 1c  and 2c  are 
determined through data regression. Note that 1c  is the association number of solvent 
molecules centered on each solute molecule and 2c related to the total heat of the 
chemical reaction between the solute and the supercritical solvent. It is clear from 
equation (3.9) that there is a linear relationship between iyln  and ρln , and that this 
relationship was shown to be valid for 14 solids and liquids systems in supercritical 
carbon dioxide (Chrastil, 1982). 
 




Similar to the empirical correlation proposed by Chrastil (1982), a different 
linear relationship between iyln  and ρ  was suggested by Kumar and Johnston 
(1988). Kumar and Johnston (1988) formulated the density-based expressions by 
expressing the normally pressure-dependent fugacity coefficient in terms of density. A 
new parameter ψ , related to the solute fugacity and solvent compressibility, is 
introduced, i.e., zscfi ⋅= ϕψ ˆ . Thus Eqs. 2.3a and 2.3c can be written as 




 −= ρ ρκψ 0 ln1ln dRT
v
T
i        (3.10b) 
According to Kumar and Johnston (1988), the ratio of solid partial molar 
volume to the isothermal compressibility Tiv κ could be density dependent, or density 
independent, dependent on the system. Similar to Eq. 3.9, these two possible ρ−iy  
relationships may be explicitly written as follows: 
Tcccyi /lnln 210 +⋅+= ρ        (3.11a) 
Tcccyi /ln 210 +⋅+= ρ         (3.11b) 
Although Eq. (3.9) and Eq. (3.11a) have the same functional form, there is a 
major difference in the theoretical framework upon which the two correlations are 
based. The model proposed by Kumar and Johnston (1988) provides a more vigorous 
theoretical description of solute-solvent molecular interactions in supercritical fluids. 
Moreover, the Kumar and Johnston approach and is more versatile in that it provides 
two linear expressions, i.e., iyln  vs. ρln  and iyln  vs. ρ , for the correlation of 
solubility data. For simplicity, we shall refer Eq. (3.11b) as the Kumar and Johnston 
model in our study. 
 




As indicated by Del Valle and Aguilera (1988), the Chrastil Model (1982) is 
invalid for correlating higher solubility (> 100-200g/L) and is limited to a narrow 
temperature range.  Del Valle and Aguilera (1988) proposed a modification to the 
Chrastil model by adding an additional term to Eq. (3.9) as shown below: 
2
3210 //lnln TcTcccyi ++⋅+= ρ       (3.12) 
The above equation extends the validity of the Chrastil equation to wider 
temperature ranges and allows it to yield reasonable estimates of solid solubility for a 
broad range of substances. 
In this study, we also consider the method similar to that of Del Valle and 
Aguilera (1988) and introduce an additional second temperature term to equation 
(3.11b). The new expression is written as: 
2
3210 //ln TcTcccyi ++⋅+= ρ        (3.13) 
Eq. (3-12) and Eq. (3.13) are evaluated in this study.  
3.3.2 Pressure and temperature dependent density models 
Recently, several density correlations that account for the effect of system 
pressures have been proposed. Based on a dilute solution theory, Wang and Tavlarides 
(1994) proposed the following model: 
( ) ρ⋅+=− 10lnln
1 cc
ZET
       (3.14) 
where E , as defined earlier in Eq. (3.2), represents the solubility enhancement and 
RTPZ ρ/=  is the SCF solvent compressibility factor. The authors suggested that this 
relationship has the capacity to quantitatively describe the solubility behavior of a 
heavy solute in a compressed gaseous solution without the use of empirical EOS. 
However, as acknowledged by the authors, this model somewhat oversimplified a real 
 




system since the interaction between solute and solvent molecules is assumed to 
follow an interaction behavior similar to the potential well model. In this theory, the 
system consists of a free volume and a constant solvent cluster volume (i.e., they 
assume that this volume does not vary with temperature and pressures); the solute thus 
is either a quasi-gas type (moving in the cluster) or an ideal gas type. As a result, the 
model developed produces a large error in the supercritical fluid solubility.  
Jiang et al. (1998), based on chemical equilibrium theory, proposed the 
following density based correlation: 
PcTcccyi ln/ln 3210 ++⋅+= ρ       (3.15) 
Unlike Eq. (3.9), a pressure dependent term is included to account for pressure 
effect. Starting with the chemical reaction equilibrium constant, it is expressed in 
terms of the fugacities of the equilibrium components, instead of molar concentrations 
used by Chrastil (1982). Similarly, here the solvation heat and entropy change are 
used to calculate the equilibrium constant. At equilibrium, the solute fugacity is the 
same as that given in Eq. (2.2) and the solvated complex and SCF solvent fugacities 
can be calculated from Eq. (2.3a).  The authors use the first two terms of truncated 
virial equation to express the fugacity coefficient in Eq. (2.3a). Numerous assumptions 
and simplifications were made in the derivation of Eq. (3.15) and the resulting 
expression differs significantly the Chrastil model (1982).  
Based on the theory of dilute solutions, Méndez-Santiago and Teja (1999) 
began with the Henry’s constant and presented a simple linear relationship for the 
solubility of solids in supercritical fluids as given below: 
ρ⋅+= 10ln ccET         (3.16) 
To apply the model to compounds whose sublimation vapor pressure is 
unknown, a Clausius–Clapeyron-type expression for the sublimation pressure 
 









PyE = are substituted into Eq. (3.16) resulting in the 
following expression:  
TcccPyT i 210)ln( +⋅+= ρ        (3.17) 
Clearly, the pressure dependence of solute solubility is explicitly accounted for 
in the model. It is interesting to note that in their work, a method to check a self-
consistency of the solubility data is emphasized; such method has also the capability 
to combine the solubility isotherms into a single curve. Later, we will use it to 
appropriately arrange the number of graphs. 
 
3.4 Summary 
In this chapter, we present the mathematical methods necessary for the Peng-
Robinson equation that will be used in our study. Chapter 4 will present in detail the 
estimation of numerous physical properties, such as critical temperature and critical 
pressure, acentric factor, vapor pressure, solid molar volume, of compounds of interest 
that are required by the PR equation-of state. 
 
 




CHAPTER 4 PROPERTY ESTIMATION 
 
4.1 Introduction 
Equations of state have been used to correlate and predict the solubility 
behavior of solids in supercritical solutions. In this research, three equations of state, 
namely, the Peng-Robinson equation of state (PR EOS), an association augmented 
Peng-Robinson equation of state, and the perturbed Lennard-Jones chain equation of 
state (PLJC EOS), are employed to model the solute solubility in supercritical 
solvents.  Applications of the latter two equations of state are reported in chapters 8 
and 9, respectively. 
To apply the PR EOS, the molar volume, vapor pressure, critical temperature, 
critical pressure and acentric factor of the solids must be known. Unfortunately, 
experimental values of these physical properties are available in the literature only for 
the solventscarbon dioxide, methanol and acetone but not for the solutes 
investigated. Therefore, physical properties for the solutes, i.e., cholesterol, 
cholesteryl acetate, cholesteryl butyrate and cholesteryl benzoate, must be estimated 
by means of group contribution methods or some simplified estimation methods. 
Since the cholesterol and cholesteryl esters considered here are of the same family of 
compounds, consistent estimation methods must be used to calculate the critical 
temperature, critical pressure, acentric factor, vapor pressure and molar volume for 
each of these substances.  
To predict the phase equilibria in the SCF state, particularly solid-SCF 
equilibria, it is important to understand the influence of vapor pressure of the solid in 
SCF systems. Vapor pressures of high molecular weight non-volatile substances are 
 




generally not available experimentally, and their prediction as a function of 
temperature becomes necessary. Numerous methods for estimating vapor pressure 
have been reported in the literature (Lyman et al., 1982; Neely and Blau, 1985; Reid et 
al., 1987). In our study, vapor pressures are estimated by Grain’s equation (Neely and 
Blau, 1985). The equation derived by Grain is related in part to the second law of 
thermodynamics, in addition to the normal constraints on the relationship between the 
vapor pressure and temperature. Furthermore, boiling points and melting points must 
be available to be substituted into Grain’s equation to compute the vapor pressure. 
These two parameters are obtained from simple correlations proposed by Banks' 
method (Neely and Blau, 1985), and Gold and Ogle's method (Neely and Blau, 1985), 
respectively. 
The solid volume must be used in the Poynting correction presented in the 
Equation (3.1). In our work, the molar volumes of the cholesterols were calculated 
using the method proposed by Immirzi and Perini (Lyman et al., 1982). This method 
was chosen because its ease of use and reliability as was developed from a database of 
500 organic crystalline compounds ranging in molecular weight from 50 to 
1000g/mole. 
Critical temperature, critical pressure and acentric factor are three pure 
component constants required in the application the Peng-Robinson equation of state. 
Several group-contribution methods have been proposed and documented by Reid et 
al. (1987). In the present study, the critical temperature, TC, and critical pressure, PC, 
are estimated using the Joback modification Lydersen’s method (Reid, et al., 1987) 
and the Klincewicz’s group contribution method (1984), respectively. Note that the 
critical properties obtained are not true critical properties, but rather pseudo-critical 
parameters that allow the cubic equation-of state to be used. The group contribution 
 




method developed by Han and Peng (1993) was used to obtain the acentric factors for 
cholesterols. 
The purpose of this chapter is to detail the procedure of estimating the physical 
properties of the pure solutes required by our models and critical properties of the 
binary mixtures of CO2/co-solvent for experimental design. 
The organization of this chapter is as follows.  Sections 4-2 to 4.5 present in 
detail the estimation methods for the vapor pressure, molar volume, critical 
temperature and pressure and acentric factor of cholesterols. Section 4.6 briefly 
describes the methods used to calculate the critical temperature and pressure of the 
solvent mixtures.  
 
4.2 Vapor pressure 
One of the most important items in assessing the equation of state approach to 
model the phase behavior of organic solid is its vapor pressure. More often than not, 
reliable vapor pressure data are not available for relatively nonvolatile solids; hence 
they must be computed through estimation methods. Generally, to estimate the vapor 
pressure of a compound, it is desirable to know some information on physical 
properties such as the critical temperature cT , critical pressure cP  and the heat of 
vaporization vH∆ , etc. A number of methods proposed for estimating vapor pressure 
have been compiled in the literature (Lyman et al., 1982; Neely and Blau, 1985; Reid 
et al., 1987).  
However, when the molecular structure is known for a family of organic 
compounds, it is desirable to estimate their vapor pressures directly from the structural 
information such as fragment constants, structural factors, molecular weight and 
 




number of atoms through the Grain method (Neely and Blau, 1985). To achieve this, 
the boiling point ( bT ) and the melting point ( mT ) must be known.  These two 
parameters can be estimated by the methods given below. 
As pointed out by Banks (Neely and Blau, 1985), the following equation can 
be used to obtain the bT (for chemicals with a molecular weight ( MW ) above 200): 
MWTb /43log10 −=        (4.1) 
where MW  = molecular weight. It must be pointed out that bT obtained with Eq. 4.1 
and that estimated via the Joback modification of Lydersen’s method (Reid, et al., 
1987) are quite differing, but recommended by the authors for subsequently estimating 
vapor pressure and critical temperature, respectively. 
Additionally, the method proposed by Gold and Ogle (Neely and Blau, 1985) 
is used to calculate the melting point for organic chemicals, which simply relates mT  
to bT  (both values in K), as given by: 
bm TT 5839.0=         (4.2) 
Once the boiling point and melting point of compounds are calculated from the 
above equations, vapor pressures of solids, as a function of temperature, can be 
calculated through Grain’s method (Neely and Blau, 1985):  
( ) ( ) ( )

















































  (4.3) 
Here, sP  represents the solid vapor pressure (atm); FK  is the structural factor 
(=1.01); R  is gas constant (82.057 cm3⋅atm⋅mole-1⋅K-1); bZ∆  is the compressibility 
factor (=0.97); bT  represents normal boiling point (K); T  is absolute temperature (K); 
 




brb TTT = ; rbTmm 2575.04133.01 −= ; mrm TTT = ; mT  represents melting point (K); 
and rmTmm 2575.04133.02 −= . 
Table 4.1 presents the estimated vapor pressures of cholesterols at different 
temperatures. Also presented together are the correspondent boiling points and 
melting points. 
 
4.3 Molar volume 
To estimate the molar volume of cholesterols, the group contribution method 
proposed by Immirzi and Perini (Lyman et al., 1982) is used. In this technique, the 
solid crystal volume is estimated on a molecular basis and the actual crystal volume 
occupied by a molecule is considered to be composed of the molecular volume in 
addition to the empty space in the crystal. The ratio of molecular volume to crystal 
volume represents the “packing coefficient” of the crystal and it ranges from 0.65 to 
0.77.  To develop a simple additivity method without introducing the packing 
coefficient for estimating the solid volume, volumes of atomic increments are 
assigned by optimizing from the experimental data of over 500 organic solids. 
Therefore, the volume of the molecule can be directly calculated as the sum of atomic 
volume increments involved, and can be expressed as: 
∑=
i
iiVMVS          (4.4) 
where  =VS calculated crystal volume for a single molecule (Å3/molecule); 
 =iM  relative stoichiometric multiplicities; 
  =iV  unit volume of atomic element (Å3). 
 




The value of iV  is available for each atomic volume element. Once VS is 
determined, the molar volume of the solid ( sv ) is calculated by:  
2410−⋅⋅= as NVSv         (4.5) 
where aN  is Avogadro’s number (6.022×1023 molecule/mole), and the sv is in 
cm3/mole. 
Table 4.2 gives the estimated molar volumes of cholesterols and presents in detail the 
atomic volume increments for each of cholesterols. 
 
4.4 Critical temperature and pressure 
Due to the known molecular structure of cholesterol and its three esters, group 
contribution methods can be conveniently initialized to estimate the critical properties 
of these four compounds. There are several estimation methods available to calculate 
the critical temperature of organic compounds (Lyman et al. 1982; Klincewicz and 
Reid, 1984; Reid et al., 1987). Since the boiling point ( )bT  of cholesterols is not 
known experimentally, not all group contribution methods (such as the Ambrose 
method and the Klincewicz and Reid method) can be used. These two group 
contribution methods require a known value of bT  in order to estimate the critical 
temperature )( cT  for each substance. In our work, the critical temperature, cT , and 
critical pressure, cP , were estimated using the Joback modification of Lydersen’s 
method (Reid, et al., 1987) and the Klincewicz’s group contribution method (1984), 
respectively.  
Group contribution methods are always straightforward. A molecule is 
considered to be a combination of various types of carbon atoms and functional 
 




groups such as –OH, -COO-, -NH2, etc. To estimate the critical temperatures, and 
pressures of cholesterols, various T∆  and P∆  increments related to the atomic and 
structural features of the molecule must be added together. In the Joback modification 
Lydersen’s method, the summation of bT∆ , and cT∆  increments is substituted into the 
following formula to obtain the boiling point:  
∑∆+= bb TT 198   (4.6) 
After obtaining the boiling point with the above formula, the critical 
temperature can be computed using the following equation: 
( )[ ] 12965.0584.0 −∑ ∑∆−∆+= ccbc TTTT   (4.7) 
Note that the units of bT  and cT  are in Kevin (K). 
Similarly, the critical pressure cP  can be obtained using: 
( ) ∑∆+×+= cc PMWPMW 010.0335.0/ 5.0     (4.8)  
where MW  = molecular weight (g/mole) 
 cP = critical pressure (atm) 
The estimated critical temperature and pressure, along with the estimation 
procedure for these four cholesterols are summarized in Tables 4-3 and 4-4, 
respectively. 
 
4.5 Acentric factor 
The acentric factor is another frequently used characterization parameter of 
pure substances. It was proposed by Pitzer in 1955 for pure substances to represent the 
acentricity or nonsphericity of molecules and defined as 
( ) 7.0log1 10 =−−= rcs TatPPω            (4.9) 
 




In our work, the group-contribution correlation proposed by Han and Peng 









iiM ωω   (4.10) 
where iω∆ = contribution of functional group i , iM  = number of functional group i  
in a molecule. 
The calculated values and estimation detail of acentric factor ω  for 
cholesterols are presented in Table 4.5. 
 
4.6 Summary  
A brief summary of the estimation methods to obtain the physical properties of 
pure substances (which are required for equation of state modeling of the supercritical 
fluid solubility behavior) is presented in this chapter. The estimated parameters, i.e., 
the molar volume, vapor pressure, critical temperature, critical pressure and acentric 







Table 4.1 Estimated solid vapor pressures of cholesterols obtained by Grain's method. 
sP (Pa)  Compound bT  (K) mT  (K) 
308.15K 313.15K 318.15K 323.15K 328.15K 333.15K
Cholesterol 626.01 371.56 1.69E-02 3.14E-02 5.73E-02 1.02E-01 1.79E-01 3.07E-01
Cholesteryl acetate 640.93 374.24 6.39E-03  2.26E-02  7.33E-02  
Cholesteryl butyrate 649.89 379.47 3.56E-03  1.29E-02  4.27E-02  
Cholesteryl benzoate 659.84 385.28 1.85E-03  6.86E-03  2.33E-02  
 
Table 4.2 Estimated molar volume of cholesterols obtained by Immirzi and Perini method 
Cholesterol Cholesteryl Acetate Cholesteryl Butyrate Cholesteryl Benzoate
Increment 
iM  iV  iM  iV  iM  iV  iM  iV  
−H 46 6.9 48 6.9 52 6.9 50 6.9 
−O− 1 9.2 1 9.2 1 9.2 1 9.2 
=O   1 14.0 1 14.0 1 14.0 
Non-aromatic ring 4 -3.0 4 -3.0 4 -3.0 4 -3.0 
Benzene frame carbons       1 75.2 
Other carbons         
>C= 2 13.7 3 13.7 3 13.7 3 13.7 
>C< 25 11.0 26 11.0 28 11.0 25 11.0 
∑=
i
iiVMVS  (Å3/molecule) 
 617.0  669.5  719.1  747.5 
sv   (cm3/mole)  371.56  403.2  433.0  450.1 
C








Table 4.3 Estimated critical temperatures of cholesterols obtained by the Joback modification of Lydersen’s method 
Cholesterol Cholesteryl acetate Cholesteryl butyrate Cholesteryl benzoate 
Group 
iM  ciT∆  biT∆  iM ciT∆  biT∆  iM  ciT∆  biT∆  iM ciT∆  biT∆  
−CH3 5 0.0141 23.58 6 0.0141 23.58 6 0.0141 23.58 5 0.0141 23.58 
−CH2− 3 0.0189 22.88 3 0.0189 22.88 5 0.0189 22.88 3 0.0189 22.88 
−CH2−(ring) 8 0.0100 27.15 8 0.0100 27.15 8 0.0100 27.15 8 0.0100 27.15 
>CH− 2 0.0164 21.74 2 0.0164 21.74 2 0.0164 21.74 2 0.0164 21.74 
>CH−(ring) 5 0.0122 21.78 5 0.0122 21.78 5 0.0122 21.78 5 0.0122 21.78 
>C<(ring) 2 0.0042 21.32 2 0.0042 21.32 2 0.0042 21.32 2 0.0042 21.32 
=CH−(ring) 1 0.0082 26.73 1 0.0082 26.73 1 0.0082 26.73 6 0.0082 26.73 
=C<(ring) 1 0.0143 31.01 1 0.0143 31.01 1 0.0143 31.01 2 0.0143 31.01 
−OH 1 0.0741 92.88          
−COO−    1 0.0481 81.10 1 0.0481 81.10 1 0.0481 81.10 
∑ ∆ ii TM   0.4060 749.38  0.3941 761.18  0.4319 806.94  0.4353 902.26 
bT  (K)   947.38   959.18   1004.94   1100.26 
cT  (K)  1168.23   1185.65   1234.20   1350.71  
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Table 4.4 Estimated critical pressures of cholesterols obtained by Klincewicz and Reid method 
Cholesterol Cholesteryl Acetate Cholesteryl Butyrate Cholesteryl Benzoate 
Group 
iM  ciP∆  iM  ciP∆  iM  ciP∆  iM  ciP∆  
−CH3 5 0.026 6 0.026 6 0.026 5 0.026 
−CH2− 3 -0.015 3 -0.015 5 -0.015 3 -0.015 
−CH2−(ring) 8 -0.046 8 -0.046 8 -0.046 8 -0.046 
>CH− 2 -0.083 2 -0.083 2 -0.083 2 -0.083 
>CH−(ring) 5 -0.027 5 -0.027 5 -0.027 5 -0.027 
>C<(ring) 2 -0.111 2 -0.111 2 -0.111 2 -0.111 
=CH−(ring) 1 -0.066 1 -0.066 1 -0.066 6 -0.066 
=C<(ring) 1 -0.089 1 -0.089 1 -0.089 2 -0.089 
−OH 1 -0.190       
−COO−   1 -0.277 1 -0.277 1 -0.277 
∑ ∆ cii PM   -1.151  -1.212  -1.242  -1.657 
cP  (bar)  41.55  36.87  34.09  38.17 
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Table 4.5 Estimated acentric factor of cholesterols using Han and Peng’s method 
Cholesterol Cholesteryl Acetate Cholesteryl Butyrate Cholesteryl Benzoate Group 
iM  iω∆  iM  iω∆  iM  iω∆  iM  iω∆  
−CH3 5 3.4381 6 3.4381 6 3.4381 5 3.4381−CH2− 3 3.4381 3 3.4381 5 3.4381 3 3.4381
>CH− 2 1.7844 2 1.7844 2 1.7844 2 1.7844
−COO− 1 14.4390 1 14.4390 1 14.4390 1 14.4390
−OH(adjacent to non-aromatic ring) 1 24.2570
Non-aromatic ring 
−CH2− 8 3.3029 8 3.3029 8 3.3029 8 3.3029
>CH− 2 2.2452 2 2.2452 2 2.2452 2 2.2452
>CH−(fused) 3 2.9226 3 2.9226 3 2.9226 3 2.9226
>C< 2 -1.0075 2 -1.0075 2 -1.0075 2 -1.0075
=C< 1 3.0721 1 3.0721 1 3.0721 1 3.0721
=CH− 1 3.5129 1 3.5129 1 3.5129 1 3.5129
Benzene ring 
CH 5 2.3655
C (adjacent to substituent) 1 2.7622
Corrections involved*
RA1 17 17 17 17
RA2 6
RNt 23
-25.2728 -25.2728 -25.2728 -30.6050
∑ ∆ iiM ω  74.3092 67.9293 74.8055 73.7487
ω  0.950  0.883  0.955  0.944
* Corrections to a compound with non-aromatic rings or with both non-aromatic rings and aromatic rings are )31(8052.1 −− RA  or [ ] tRNRNRAtRNRA /)62(28838.0)3(18052.1 −⋅+−⋅− , where 1RA , 2RA  and tRN stand for the Number of atoms in the non-aromatic rings, benzene 
ring and all the rings, respectively. 
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Table 4.6. Required physical properties of all compounds used 
       
MW cT  cP  ω  sv  sP (Pa)e Compound 
(g/mole) (K) (bar)  (cm3/mole) 308.15K 313.15K 318.15K 323.15K 328.15K 333.15K
Carbon 
dioxide 44.02 304.2 a 73.76 a 0.225 a        
Methanol 32.04 512.6 a 80.96 a 0.559 a        
Ethanol 46.07 516.2 a 63.84 a 0.635 a        
Acetone 58.08 508.1 a 47.01 a 0.309 a        
Cholesterol 386.67 1168.23b 41.55c 0.950d 371.56h 1.69E-02 3.14E-02 5.73E-02 1.02E-01 1.79E-01 3.07E-01
Cholesteryl 
acetate 428.69 1185.65b 36.87c 0.883d 403.20h 6.39E-03  2.26E-02  7.33E-02  
Cholesteryl 
butyrate 456.76 1234.2b 34.09c 0.955d 433.00h 3.56E-03  1.29E-02  4.27E-02  
Cholesteryl 
benzoate 490.78 1350.71b 38.17c 0.944d 450.10h 1.85E-03  6.86E-03  2.33E-02  
 
a Rowley, L.R.(1994). bReid et al. (1987): Joback modification Lydersen’s method. cKlincewicz and Reid (1984). dHan and Peng (1993).eNeely and Blau 
(1985): Grain’s method. fNeely and Blau (1985): Bank’s method. gNeely and Blau (1985): Gold and Ogle’s method. hLyman et al. (1982): Immirzi and 
Perini’s method. 
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CHAPTER 5 SOLUBILITY OF CHOLESTEROL AND ITS 
ESTERS IN PURE SUPERCRITICAL CARBON DIOXIDE 
 
5.1 Introduction 
It is well known that supercritical fluid (SCF) solvents possess many desirable 
features for separating pharmaceutical products and biomaterials. The density of a 
supercritical fluid is extremely sensitive to temperature and pressure in the near 
critical region where the isothermal compressibility is large (see chapter 2). Since the 
solvent strength or the Hildebrand solubility parameter increases approximately 
linearly with the density of solvent (Johnston et al. 1989), solubilities of the solutes 
can be adjusted markedly in this critical region with small changes in temperature and 
especially in pressure. 
The measurement of the solubilities of solids and liquids in supercritical fluids 
is an important part of supercritical fluid (SCF) research because it provides the 
physical properties of materials of interests necessary to investigate the feasibility of 
the design and development of new chemical processes that uses supercritical fluids as 
solvents.  Solubility data also facilitate the development of the predictive models. 
Quantitative data for the solubility of biomolecules and pharmaceuticals in 
supercritical fluids are available for several systems (Kurnik, et al, 1981; Johnston and 
Eckert, 1981; Chrastil, 1982; Schmitt and Reid, 1986; Yun et al. 1991; Macnaughton 
et al. 1996). Our interest concerns cholesterol and related compounds. 
Cholesterol (free cholesterol and esterified cholesterol) is one of the 
predominant components in the bio-membrane of most organisms. Thus it is vital for 
human health. However, there is a statistically significant correlation between elevated 
serum cholesterol levels and cardiovascular diseases in general and atherosclerosis in 
 




particular (Gordon et al., 1989; Peng and Morin, 1992; Boesinger et al., 1993; Ludwig 
et al., 1997; Wilson et al., 1998; Breslow, 2000). Further, cholesterol fatty acid esters 
mostly are important liquid crystals that are chosen to design a thermo-responsive 
biosensor for drug delivery applications (Gray, 1962; Lin et al., 1995, 1996, 2000).  
However, current methods for solid production involve the use of liquid 
solvents that may contaminate the products. Supercritical fluid extraction technology 
provides an environment friendly method for manufacturing green products.  
The structures of cholesterol and its three esters, namely, cholesteryl acetate, 
cholesteryl butyrate and cholesteryl benzoate, are shown in Figure 2.6. It is clearly 
seen that all four members have the same hydrocarbon skeleton but each with a 
different polar head. To date, several studies on the solubility of cholesterol in pure 
supercritical carbon dioxide have been reported in the literature (Kosal et al., 1992; 
Yun et al., 1991; Wong and Johnston, 1986; Chrastil, 1982). In addition, the 
cholesterol solubility in supercritical ethane has been studied (Foster et al., 1993). 
In this study, the solubility behavior of cholesterol, cholesteryl acetate, 
cholesteryl butyrate, and cholesteryl benzoate in supercritical CO2 was investigated. A 
flow technique coupled with gravimetric analysis was used to measure the solubility 
of cholesterol and cholesteryl esters in pure supercritical CO2.  Although the solubility 
of cholesterol in supercritical CO2 has been reported in the literature (Kosal et al., 
1992; Yun et al., 1991; Wong and Johnston, 1986; Chrastil, 1982), there is 
considerable inconsistency among the experimental data.  
In this research, (1) we measured the solubility of cholesterol at 318.15 K over 
a broad pressure range and compared our results with previous solubility data.  We 
found excellent agreement between our data and those reported by Yun et al. (1991); 
(2) the solubilities of cholesteryl acetate, cholesteryl butyrate, and cholesteryl 
 




benzoate in supercritical carbon dioxide were measured at 308.15, 318.15 and 328.15 
K for pressure ranging from 90 to 270bar.  To the best of our knowledge, this is the 
first study on the solubility of these substances; (3) The Peng-Robinson equation of 
state and density based models were used to correlate the solubility data of all the 
systems investigated. 
This chapter is organized as follows. Section 5.2 introduces the detail of 
experimental methodology used to measure the solubility of cholesterol and 
cholesteryl esters in pure supercritical carbon dioxide. Section 5.3 presents the 
experimental and modeling results.  The experimental results for four cholesterols are 
interpreted in the context of different polarity and vapor pressure. Concluding remarks 
for these measurements are presented in Section 5.4. 
 
5.2 Experimental methodology 
5.2.1 Materials 
 
Table 5.1.    Source and purity of all compounds used 
Compound Source Purity 
Carbon dioxide Soxal 99.8+% 
Methanol Tedia Company, Inc. HPLC/Spectro, 99.98% 
Acetone Tedia Company, Inc. HPLC/Spectro, 99.97% 
Chloroform Tedia Company, Inc. HPLC/Spectro, 99.98% 
Acetonitrile Tedia Company, Inc. HPLC/Spectro, 99.95% 
Isopropanol Tedia Company, Inc. HPLC/Spectro, 99.98% 
Cholesterol Sigma Chemicals 99+% 
Cholesteryl acetate Tokyo Chemicals  97.8+%, GC grade 
Cholesteryl butyrate Fluka Chemicals 99+%, TLC grade 
Cholesteryl benzoate Aldrich Chemicals 98+% 
 
 




The sources and purities of all the compounds used are given in Table 5.1. 





















Figure 5.1 Schematic of the experimental apparatus used in measuring the solubility in 
the SCF (1) CO2 cylinder; (2) chiller; (3) HPLC pump; (4) switching valve; (5) 
preheater coil; (6) equilibrium vessel; (7) oven; (8) back pressure regulator; (9) 
collection U-tube; (10) saturator; (11) wet gas meter 
 
5.2.2 Experimental procedure 
5.2.2.1 Solubility determination  
A schematic representation of the apparatus used is shown in Figure 5.1.  
Briefly, it consists of a carbon dioxide delivery unit (a CO2 cylinder, a chiller and an 
HPLC pump), an extraction unit (a premixing coil, two extraction vessels, an oven and 
a back pressure regulator) and a solute collection unit (a glass U tube collector, a 
water saturator and a wet gas flow meter). 
High purity carbon dioxide solvent was supplied from a gas cylinder and 
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the gas reservoir. The gas was then liquefied through a chiller (Polyscience, Mode911) 
that was set at –5oC.  The liquefied CO2 was fed to a HPLC pump (Jasco PU-980) and 
pumped (operated in the constant flow mode) into a premixing coil (made of stainless 
steel tubing of 1/16 inch o.d. and 5 m in length) that was placed in a temperature-
controlled oven (GL Science Model GC390B).  The carbon dioxide in the premixing 
coil reached the pre-set temperature and pressure and attains the desired supercritical 
state before it exits the coil and enters two extraction vessels that are arranged in series 
and placed in the oven.  The inner diameter, height and volume of each extraction cell 
are 10mm, 12.75cm and 10 cm3, respectively.  Thin layers of the solid (whose 
solubility was to be measured) was packed in these two extraction cells between 
alternate layers of 0.5-0.6 mm diameter glass beads to prevent channeling and provide 
support.  A 0.5µm filter was placed at each end of the vessel to eliminate entrainment.  
The solute-loaded CO2 (saturated solution) leaving the second extraction vessel was 
directed to the back pressure regulator (BPR; Jasco Model-880-01), which controls the 
system pressure.  The stainless steel tubing between the oven exit and the BPR was 
wrapped with heating tape (Gas-col) to prevent precipitation of the solute in the 
tubing. The supercritical carbon dioxide saturated with the solute was depressurized to 
atmospheric pressure through a needle valve as it exits the BPR, resulting in the 
precipitation of the dissolved solute.  A glass U tube, immersed in an ice-water 
container, was used to collect the deposited solute.  The carbon dioxide released via 
the back-pressure-regulator passed through a water saturator and a wet test meter for 
volume determination. 
In each experiment, the system pressure was maintained to within ±0.2% of 
the desired pre-set value by adjusting the BPR regulating valve.  The system oven 
temperature was accurately controlled at the desired value (±0.01oC).  The 
 




determination of the solubility was based on the amount of solute trapped in the 
collecting tube and precipitated in the tubing upstream of the BPR.  The latter was 
flushed out using a liquid solvent at the completion of each operation.  The total gas 
volume was measured to within a precision of 0.001 liter using a wet test meter 
(SINAGAWA, Model W-NK-1) that was calibrated to an accuracy of ±0.2%.  The 
mass of the collected solute was gravimetrically determined to ±0.01mg using a 
balance (Mettler Toledo, AG245).  The typical mass of solute collected in each 
operation is approximately 30mg, giving a potential error due to weighing of ±0.03%.  
The reliability of the experimental apparatus and experimental technique was checked 
by measuring the solubility of cholesterol in pure SCF CO2 and comparing it with that 
obtained by Yun et al. (1991).  Very good agreement between these data is observed 
(refer to Table 5.2 below). 
5.2.2.2 Non-aqueous reversed phase HPLC.   
Non-aqueous reversed phase HPLC was used to qualitatively determine the 
relative polarity of cholesterol and its three esters.  The analytical method used in our 
study is similar to those has been previously reported in several references (Duncan et 
al., 1979; Kuo and Yeung, 1982; Vercaemst et al. 1989; Hammad et al., 1992) and 
please refer to Sec 7.2 for detail. The Hewlett Packard LC series 1100 HPLC system 
used consists of an auto-degasser unit (G1322A), a HPLC pump (G1311A, 
QuatPump), a heating jacket unit (G1316A, ColComp), a manual injection unit 
(G1328A), and a UV detector (G1314, Variable Wavelength Detector).  The mobile 
phase consists of 50:50 volume% HPLC grade acetonitrile and isopropanol, which 
was prepared in 1-liter batches and automatically mixed in the HPLC analysis system.  
Each batch was filtered using a 47 mm, 0.45µm SUPELCO filter (nylon 66 
 




membranes).  The analysis was carried out on an Inertsil ODS-3 C18 HPLC column 
(5µm, 250mm×4.6mm, GL Sciences Inc.) with a guard column (Inertsil ODS-3 5µm, 
4.6mm×50mm, GL Sciences Inc.).  Flow rate was set to 1.0ml/min and separation was 
performed at 45oC.  The variable wavelength UV detector was set at 210nm.  The 
samples were prepared by first dissolving the compounds under study in 10 ml of 
chloroform in a 100ml volumetric flask, followed by diluting it with 90ml of 1:1 (v/v) 
HPLC grade acetonitrile and isopropanol (mobile phase solvent). The injection 
volume for each run was 20 µl. 
5.3 Data correlation 
Peng-Robinson equation of state (PR EOS) was used to model the solute 
solubility as a function of temperature and pressure. 
The conventional mixing rules, i.e., ∑∑=
i j
ijji ayya , ∑=
i
iibyb , and 
)1( ijjiij kaaa −=  are applied.  Note that the parameters a  and b  for pure 
components are defined in terms of the critical properties of the substance.  The binary 
interaction parameter ijk  is adjusted to maximize agreement between the EOS 
calculations and experimental data.  For the solutes considered here, physical 
properties such as critical data, vapor pressure, molar volume and acentric factor 
required for using the cubic equation of state are not available experimentally; they 
must be estimated using group contribution methods as described in Chapter 4. 
Besides the equation of state approach, the solubility of solids in supercritical 
fluids is also correlated in terms of the solvent density through the empirical density-
based correlations described in Chapter 3.   
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Figure 5.2 Effect of carbon dioxide (liquid based) flow rate on the solubility of 
cholesterol at 318.15 K, 160 bar. 
 
5.4 Results and discussion 
5.4.1 Reliability of experimental SCF technique  
The continues-flow apparatus used in this study is a well-developed method 
for solubility measurements in supercritical fluids (Kurnik et al., 1981; Krukonis and 
Kurnik, 1985; Dobbs et al., 1987; Yun et al., 1991; Macnaughton et al. 1995). To 
obtain reliable solubility data, it is necessary to ensure that carbon dioxide leaving the 
extraction vessels is saturated with the dissolved solute at desired temperatures and 
pressures. This can be verified by repeating the experiment with different carbon 
dioxide solvent flow rates. We carried out a series of solubility measurements for 
cholesterol at 160bar and 318.15K at flow rates ranging from 0.2ml/min to 1.2ml/min 
 




(liquid CO2 based). Clearly as shown in Figure 5.2, variation of the flow rate in this 
range was found to have insignificant effect on the observed solubilities (within the 
experimental error), thereby confirming that equilibrium between the solid phase and 
the fluid phase was achieved at these flow rates. Hence, the supercritical carbon 
dioxide solvent leaving the extraction vessels was saturated with the solute and 
equilibrium between the solid and supercritical phase is assured. Although this method 
is verified to be a reliable technique for measuring the solubility of the solid solute in 
supercritical solvent, the time needed for a measurement is considerable longer than 
other methods (Chrastil, 1982; Wong and Johnston, 1986; and Kosal et al., 1992), as 
addressed by Yun et al. (1991). This is particularly true for a low-solubility compound 
or in a pressure range at which the solubility is low. Also, the precipitated solute must 
be collected from both the glass tube and the regulating valve. This is absolutely 
important since precipitation of the solute in the regulating valve and in the upstream 
tubing is commonly observed when the saturated fluid stream is expanded from the 
operating pressure to atmospheric pressure, especially so at high pressures with high 
solubility substances. Clogging may also cause blockage in the pressure-controlling 
device in the back pressure regulator, leading to failure of the experimental operation.  
5.4.2 Solubility investigation  
The solubility of cholesterol in pure supercritical CO2 has previously been 
measured at 40, 60 and 80oC by Chrastil (1982); at 35, 40 and 60oC by Wong and 
Johnston (1986); at 40, 50 and 60oC by Yun et al. (1991); and at 55 and 60oC by Kosal 
et al. (1992). However, there is considerable inconsistency among these data. In the 
present work, the solubility of cholesterol in supercritical CO2 at 45oC was measured 
at pressures ranging from 100-240bar.  
 





Table 5.2 Solubility of cholesterol in pure SCF CO2  
2y (mole fraction) 
Pressure (bar) 313.15K** 318.15K* 323.15K** 333.15K** 
100 1.29E-05 6.49E-06 2.30E-06  
120  2.40E-05   
130 3.46E-05  2.53E-05 1.06E-05 
140  3.72E-05   
160 4.90E-05 5.76E-05 5.00E-05 4.30E-05 
180  7.09E-05   
190 6.85E-05  7.30E-05 8.00E-05 
210  7.92E-05   
220 7.91E-05  9.70E-05 1.12E-04 
240  9.40E-05   
250 9.37E-05  1.24E-04 1.45E-04 
* this work 
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Figure 5.3 Comparison of cholesterol solubility in SCF CO2. This work: ◆, 45oC; Yun 
et al. (1990): ■, 40oC, ▲, 50oC, ●, 60oC; Wong and Johnston (1988): ▬, 35oC, +, 
40oC, ×, 60oC; Kosal et al. (1992): ◊, 55oC, △, 60oC; Chrastil (1981): ○, 40oC, □, 














There is excellent agreement between our experimental data and those reported 
by Yun et al. (1991) as shown in Table 5.2 and plotted in Figure 5.3.  However, it is 
seen from Figure 5.3 that significant disparity exists between our data and those 
reported by other authors (Kosal et al., 1992; Wong and Johnston, 1986; Chrastil, 
1982).  As commented by Yun et al. (1991), such discrepancy may be due to the 
different sampling technique and analytical procedures approached. The method used 
by Chrastil (1982) for measuring the solute solubility is a batch sampling technique, 
which created a large pressure drop during sampling for the solute collection and 
could have a significant influence on the accuracy of data. The microsampling 
apparatus employed by Wong and Johnston (1986) could conveniently obtain the solid 
solubility in supercritical fluids. However, the authors pointed out that some 
limitations still existed and may influence the accuracy of their experimental results.   
Another possible explanation is the difference of various analytical procedures. To 
determine the solubility of dissolved solids in the supercritical phase, Kosal et al. 
(1992) employed an indirect procedure where the solute was derivatized, transformed 
into their esters for subsequent chromatographic analysis. In such case, larger errors 
than those obtained with a direct gravimetrical analysis could arise. 
Displayed in Tables 5.3 to 5.5 are the solubility data of cholesteryl acetate, 
cholesteryl butyrate and cholesteryl benzoate, respectively, at 308.15, 318.15 and 
328.15 K.  Each data point is the result of at least two repeated measurements with a 
1% deviation or smaller. Otherwise these measurements were repeated until 
satisfactory reproducibility was achieved. The maximum deviation among the 
measurements was 5.0%, giving a good indication of the accuracy of the results since 
individual error such as pressure, temperature and mass measurements that contributes 
to the overall error is smaller than this value. 
 




Table 5.3 Solubility of cholesteryl acetate in pure SCF CO2 
2y  (mole fraction) 
Pressure (bar) 308.15K 318.15K 328.15K 
90 7.92E-05 4.35E-06  
100 1.18E-04 2.99E-05  
110  7.55E-05 1.62E-05 
120 1.86E-04 1.20E-04 5.01E-05 
140 2.57E-04 2.07E-04 1.76E-04 
160 3.37E-04 3.85E-04 3.58E-04 
180 4.27E-04 4.77E-04 5.46E-04 
190   6.92E-04 
210 4.55E-04 6.33E-04 1.04E-03 
240 5.27E-04 8.19E-04  
 
Table 5.4 Solubility of cholesteryl butyrate in Pure SCF CO2 
2y  (mole fraction) 
Pressure (bar) 308.15K 318.15K 328.15K 
100 1.07E-04 2.24E-05  
120 2.16E-04 1.46E-04 3.89E-05 
140 3.59E-04 2.58E-04 1.45E-04 
160 4.32E-04 3.78E-04 2.85E-04 
180 4.60E-04 4.98E-04 4.15E-04 
210 5.70E-04 6.72E-04 6.05E-04 
240 5.81E-04 8.36E-04 8.93E-04 
 
A comparison of the solubility data of these four compounds displayed in 
Tables 5.2 to 5.5 shows that cholesteryl butyrate is the most soluble compound in 
supercritical carbon dioxide, followed by cholesteryl acetate, cholesterol and 
cholesteryl benzoate.  The trend observed may be attributed to the combined effects of 
solute polarity and its vapor pressure resulting from their distinct structures.  One 
expects the solute possessing a relatively lower polarity to have a higher solubility in 
 




non-polar carbon dioxide solvent.  In addition, solutes with a relatively high 
sublimation vapor pressure may have a higher solubility. 
Table 5.5 Solubility of cholesteryl benzoate in pure SCF CO2 
2y  (mole fraction) 
Pressure (bar) 308.15K 318.15K 328.15K 
120 7.23E-06   
130  6.32E-06  
140 7.54E-06  5.29E-06 
160 1.17E-05 1.51E-05 1.26E-05 
180 1.80E-05 2.00E-05 2.05E-05 
210 1.84E-05 2.47E-05 2.83E-05 
240 1.98E-05 3.15E-05 4.23E-05 
255   4.39E-05 
270 2.51E-05 3.62E-05 5.28E-05 
 
As such, one may also expect the order of their polarities are clear for these 
four compounds, even though the exact values of their polarities in terms of dipole 
moment are not easily obtained.  To determine the polarity of these compounds, 
reversed phase HPLC analysis was employed.  It is known that the more polar the 
compound is, the earlier it elutes in reversed-phase HPLC separation.  In our 
measurements, we obtained the spectrum of a blank sample, the individual solute (see 
Figures 5.4a-e), and the spectrum for the solute mixture containing all 4 solutes (see 
Figure 5.4f). Shown in the Figure 5.4a is the sample with the solvent only. The elution 
peaks stands for the components of the solvent mixture. Figures 5.4b-e are the 
samples containing individual cholesterol and its three esters respectively, each clearly 
having one peak other than solvent peaks to characterize the dissolved solid. The 
chromatographic spectrum obtained at the same analytical condition for the sample 
containing these four compounds is shown in Figure 5.4f. As seen in Figure 5.4f, the 
 




sequence through which the cholesterol and cholesteryl esters elute out of the column 
is: cholesterol > cholesteryl acetate > cholesteryl butyrate > cholesteryl benzoate 
Therefore, this suggests that the polarity of these four compounds decreases in 
the order indicated above.  This in turn explains the difference in the solubilities of 
cholesterol < cholesteryl acetate < and cholesteryl butyrate in supercritical CO2.  The 
behavior of cholesteryl benzoate does not follow the above “polarity ladder” and may 
be attributed to the fact that cholesteryl benzoate has a significantly lower vapor 
pressure (compared with the other three compounds; see Table 4.7 for estimated vapor 
pressure values) due to the presence of a larger benzene ring in its molecular structure, 
and hence resulting in a very low solubility – the lowest amongst the four compounds 
considered.  In other words, the solubility behavior of cholesteryl benzoate was 
dominated by its low vapor pressure than its relatively higher polarity. 
The effect of pressure on the solute solubility in SCF CO2 follows expected 
trends, with the solubility of all four compounds in pure supercritical carbon dioxide 
increases with increasing operational pressures at all temperatures studied.  As 
pressure is increased, carbon dioxide density increases and so does the solubility.  
Another factor affecting the solubilities of the solutes in supercritical carbon dioxide is 
the system temperature.  Note that the effect of temperature on the solubility is 
realized through two competing factors: solute sublimation and SCF solvent density. 
As temperature increases, the solute vapor pressure increases while the solvent density 
decreases, resulting in competing effects.  An increase in the solute vapor pressure 
makes the solute more soluble whereas a decrease of solvent density renders the solute 
less soluble. Generally speaking, the density effect is dominant in the low pressure 
region while the sublimation vapor pressure effect is pronounced in the high-pressure 
domain. These two temperature-dependent factors lead to the crossover pressure 
 




between solubility isotherms. This phenomenon is observed for all the compounds 
investigated in this study. One should note that the cross pressure value is the solute 
dependent.  
























Figure 5.4 Determination of the sequence of polarity of cholesterol and its three esters 
by analyzing mixture of these compounds with non-aqueous reversed phase HPLC. 
(a), blank; (b),cholesterol; (c), cholesteryl acetate; (d), cholesteryl butyrate; (e), 
cholesteryl benzoate; (f), mixture of 4 cholesterols. Analytical conditions: mobile 
phase, isopropanol and acetonitrile (50:50, v/v); flow-rate, 0.5 ml/min; HPLC column, 
Inertsil ODS-3 C18 (5µm, 250mm×4.6mm), 45oC; sample prepared by dissolving the 
mixture into chloroform and then diluting with mobile phase. 
 




5.4.3 Modeling results 























Figure 5.5 Enhancement factors for solids in SCF CO2 at 45oC. 
 
The enhancement factor E  is the ratio of the actual mole fraction solubility of 
the solid i , iy , over the ideal solubility value (which is given as the ratio of solute 
sublimation vapor pressure to the prevailing pressure).  This common definition is 
quite useful to compare solubilities of diverse solids with different functional groups 
since it removes the effect of solid vapor pressure. The disparity among the 
enhancement factors thus indicates how the microscopic interactions between the solid 
and the SCF solvent affect their solubilities besides the effect of their volatilities. The 
logarithm of E  is plotted vs. solvent density for solids in SCF CO2 at 45oC in Figure 
5.5. It is seen that the enhancement factor varies from 103 to 107. An examination of 
Figure 5.5 indicates the solubility behavior of cholesterol and cholesteryl benzoate 
differs significantly from that of cholesteryl butyrate and cholesteryl acetate. It 
suggests the quite different molecular interactions are in play for these compounds. 
For example, at 16.5 kmol/m3 (i.e., 160 bar), the values of E  are 2.73×105 and 
4.70×105 for cholesteryl acetate and cholesteryl butyrate, but 1.61×104 and 3.52×104 
 




for cholesterol and cholesteryl benzoate, respectively. Within each group, there is only 
a modest difference in the enhancement factor for members, which perhaps may be 
primarily due to the differences in their polarity.  That is to say that the less polarity 
the compound the stronger interactions with non-polar CO2 and thus the higher 
enhancement effect. In short, the preference of SCF CO2 for a compound is related to 




















Figure 5.6 Enhancement factors for solids in SCF CO2 at 35oC 
 
The graphs of Eln  against solvent density at 35oC and 55oC for cholesteryl 
acetate, butyrate and benzoate are presented in Figures 5.6-5.7.  The enhancement 
factors of butyrate and acetate are higher than that of benzoate at a given density; this 
may strengthen our above argument.  
It must be addressed that the enhancement factor, which is a normalized 
solubility, can be a useful property to compare different solubility behavior of solids 
in supercritical solvents, but it has some obvious drawbacks in our case. For example, 
 




the solid vapor pressures used are often not available but estimated, sometimes 
extremely low for high molecular weight solids such as cholesterol discussed here, 
which has an estimated vapor pressure of only 5.73×10-2 Pa at 45oC. This estimation 






















Figure 5.7 Enhancement factors of solids in SCF CO2 at 55oC 
 
5.4.3.2 Peng-Robinson equation of state  
The solubility data shown in Tables 5.2 – 5.5 for cholesterol, cholesteryl 
acetate, cholesteryl butyrate, and cholesteryl benzoate are modeled using the PR EOS 
approach.   
To model the solubility behavior using the Peng-Robinson equation of state (1 
= carbon dioxide and 2 = solute), the binary interaction parameter 12k  at a given 
temperature is obtained by regressing the model against experimental solubility data.  
 




The objective function at each temperature is the average absolute relative deviation 




































Figure 5.8 Solubility of cholesterol in supercritical CO2 as a function of pressure. 
 
Table 5.6 shows the regressed cholesterol-SCF CO2 binary interaction 
parameter 12k  obtained using the PR EOS.  At 318.15K, the 4899.012 =k  with 
AARD% of 15.44. The values of 12k  for cholesterol/SCF CO2 obtained at 313.15, 
323.15 and 333.15K are regressed from the available experimental data (Yun et al., 
1991). 
Optimum values of 12k  for cholesteryl acetate, butyrate and benzoate systems 
obtained using PR EOS are shown in Table 5.7.  An examination of the table indicates 
that the AARD% varies from 9.85 to 31.71. Shown in Figures 5.8 to 5.11 are the 
solubility isotherms of all four compounds in supercritical CO2, along with the PR 
EOS correlations. We note from figures 5.8 to 5.11 that relatively large deviations are 
 




found in the low-pressure region (nearer to the critical point) where the solubility is 
lower and more sensitive to pressure.  If some of these data points are excluded in the 
regression, the AARD% decreases to below 10%.  An overview of optimized values 
of 12k  is seen to range from 0.2 to 0.5, indicating a strong interaction between solute 
and supercritical CO2.  Another explanation to the large 12k  values may be due to the 
estimated (as opposed to experimental) values of critical properties, vapor pressure 
and solid molar volume of the cholesterol and cholesteryl esters used in the modeling.  
A better agreement between the PR EOS and solubility data may be obtained if the 
critical properties of the solute are used as fitting parameters in the regression. 
Table 5.6 Regressed 12k  between CO2 and cholesterol obtained using PR EOS 
Temperature  AARD% 
313.15K 0.4836 8.16 
318.15K 0.4899 15.44 
323.15K 0.4958 43.47 























































































Figure 5.11 Solubility of cholesteryl benzoate in supercritical CO2 as a function of 
pressure. 
 





Table 5.7. Regressed interaction parameters between CO2 and cholesteryl esters 
308.15K 318.15K 328.15K 
Systems 12k  AARD%  12k  AARD%  12k  AARD%
Cholesteryl acetate-CO2 
PR EOS 0.4042 17.13 0.4136 15.8 0.4136 31.71 
Cholesteryl butyrate-CO2 
PR EOS 0.4255 16.27  0.4344 16.68  0.4458 13.48 
Cholesteryl benzoate-CO2 
PR EOS 0.519 9.85 0.528 13.17 0.5412 28.71 
 
5.4.3.3 Partial molar volume consideration 
The partial molar volume of the solute in SCF CO2 was calculated using the 





















    (5.2)  
Thus we may obtain the following two expressions for the solute partial molar volume 
in supercritical binary solutions. 
( )
( )











































∂     (5.4) 
Based on the above equations, the estimated partial molar volumes of 
cholesterols at different temperatures are presented in Figures 5.12-5.15.  
 




Comparing these figures with Figures 5.8-5.11, it is seen that the shape of 
partial molar volume isotherms is similar to those solubility isotherms. Furthermore, 
the large increase of the negative PMV was observed to parallel closely the increase in 


































































Figure 5.14 Prediction of diluted partial molar volume (PMV) of cholesteryl butyrate 




















Figure 5.15 Prediction of diluted partial molar volume (PMV) of cholesteryl benzoate 
in SCF CO2. 
 
The qualitative shapes of the partial molar volume isotherms obtained using 
the PR EOS, as shown in Figures 5.12-5.15, present the solid partial molar volume 
peaks are strongly dependent on the system temperatures. As the system temperature 
increases, the calculated solute partial molar volume becomes less negative and the 
pressure with the largest negative PMV value shifts to a higher value. For example, 
 




the largest negative PMV values for cholesteryl butyrate at 35, 45, 55oC are at 80, 90 
and 100 bar respectively. Consequently, such decrease in solute partial molar volume 
with increasing temperature suggests that the strength of solvent-solute interactions as 
well as the size of solvent-solute clusters decrease with increasing temperature.  The 
information derived from the PMV may render us better understand molecular 
interactions of supercritical fluids, such as enhanced solubility, the cosolute effects, 
and the cosolvent effects (Brennecke and Eckert, 1989). 
It is seen that the partial molar volume approaches a constant as pressure 
increases, independent of temperature.  
5.4.3.4 Density-based correlations 
Another way to represent the solubility data is to relate solute solubility to 
solvent density using the empirical density-based correlations.  Review of these 
correlations can be found in Chapter 3. To clearly show these linear correlations, we 
rewrite Eqs. (3-9) (Chrastil, 1982) and (3.11b) (Kumar and Johnston, 1988) as: 
ρln)ln( 102 ccTcyi +=− (Chrastil, 1982)      (5.5) 
ρ102)ln( ccTcyi +=− (Kumar and Johnston, 1988)   (5.6) 
Similarly, the two temperature enhanced Eqs. (3.12)(Del Valle and Aguilera, 
1988) and (3.13) (proposed in this study) can be re-expressed as 
ρln/)ln( 10232 ccTcTcyi +=−− (Del Valle and Aguilera, 1988)  (5.7) 
ρ10232 /)ln( ccTcTcyi +=−−  (proposed)     (5.8) 
In the meantime, the two explicit pressure dependent expressions, i.e., (Eq. 
3.15)(Jiang et al., 1998) and (Eq. 3.17) (Méndez-Santiago and Teja, 1999), may be 
rewritten as: 
ρ1032 ln)ln( ccPcTcyi +=−− (Jiang et al., 1998)    (5.9) 
 




ρ102)ln( ccTcPyT i +=−  (Méndez-Santiago and Teja, 1999)   (5.10) 
 
Table 5.8   Regressed results for various binary systems via density-based models 
 (without involvement of E )  
  0c  1c  2c  3c  AARD% RMS%
 Cholesterol -CO2       
 Eq. 5.5 -45.7836 5.4135 -5363.25  5.14 6.15
 Eq. 5.6 1.7517 3.779E-04 -5776.10  9.10 11.66
 Eq. 5.7 -65.5665 5.4187 7423.85 -2072163.03 5.17 6.18
 Eq. 5.8 7.2823 3.778E-04 -9350.57 577523.10 9.09 11.67
 Eq. 5.9 20.4949 4.721E-04 -7535.84 -0.8902 5.31 6.91
 Eq. 5.10 -10292.90 0.1556 30.6916  5.93 8.22
 Cholesteryl acetate-CO2 
 Eq. 5.5 -47.4473 6.2077 -6678.26  10.39 14.00
 Eq. 5.6 8.1022 4.605E-04 -7621.83  12.50 16.13
 Eq. 5.7 -19.5003 6.1961 -24395.8 2816523.00 10.66 13.66
 Eq. 5.8 59.7832 4.592E-04 -40487.18 5224021.00 11.91 16.23
 Eq. 5.9 26.8402 5.448E-04 -9401.38 -0.8771 8.35 11.42
 Eq. 5.10 -12592.92 0.1777 38.6640  9.74 13.50
 Cholesteryl butyrate -CO2 
 Eq. 5.5 -58.0129 6.8338 -5265.24  5.80 8.55
 Eq. 5.6 2.1444 4.481E-04 -5672.62  9.73 12.25
 Eq. 5.7 -123.8404 6.8797 36352.66 -6621341.00 5.71 7.88
 Eq. 5.8 -67.2070 4.497E-04 38421.87 -7007131.00 9.19 11.69
 Eq. 5.9 20.6256 5.516E-04 -7599.85 -0.8532 6.53 8.64
 Eq. 5.10 -11055.43 0.1819 33.5679  7.19 9.07
 Cholesteryl benzoate -CO2 
 Eq. 5.5 -61.1878 7.5213 -7441.02  7.05 9.52
 Eq. 5.6 4.8970 4.337E-04 -7514.90  8.91 11.52
 Eq. 5.7 -85.1096 7.4909 7979.79 -2448345.00 8.67 11.10
 Eq. 5.8 -36.4095 4.331E-04 18755.70 -4173710.00 9.01 11.20
 Eq. 5.9 25.8425 6.029E-04 -9962.91 -0.9722 7.24 10.04
 Eq. 5.10 -13604.88 0.1948 37.5707  7.10 10.09
 
Additionally, the solubility enhancement included correlations, i.e., Eqs. 
(3.14)(Wang and Tavlarides, 1994) and (3.16) (Méndez-Santiago and Teja, 1999) are:  
( ) ρ10lnln1 ccZET +=− (Wang and Tavlarides, 1994)    (5.11) 
ρ10)ln( ccET +=  (Méndez-Santiago and Teja, 1999)    (5.12) 
 Apart from the commonly used pure supercritical solvent density, other 
parameters involved are temperatures and pressures, solid sublimation pressure, 
 




whenever necessary.  Therefore all the properties required for these density 
correlations are readily accessible. When the solubility is expressed in terms of the 
enhancement factor E , i.e. Eqs. (5.10) and (5.11), the solid sublimation pressure must 
be used.  
Table 5.9 Regressed results of E  involved density-based models for binary 
systems 
0c  1c  AARD% RMS% 
   Cholesterol -CO2     
 Eq. 5.11 8.840E-05 3.6717 16.39 20.02
 Eq. 5.12 319.956 0.1587 8.41 11.22
 Cholesteryl acetate -CO2   
 Eq. 5.11 9.814E-05 2.3122 11.43 15.07
 Eq. 5.12 979.054 0.1735 12.36 15.20
 Cholesteryl butyrate-CO2   
 Eq. 5.11 8.380E-05 2.4030 15.99 18.72
 Eq. 5.12 965.395 0.1846 7.71 9.20
 Cholesteryl benzoate -CO2   
 Eq. 5.11 4.814E-05 3.9522 11.78 13.66




















Figure 5.16 Solid solubility in SCF CO2 correlated using Chrastil model. 
 




The polynomial coefficients in these density models are determined by fitting 
the correlation to experimental data, independent of temperature and pressure. 
Regressions of cholesterol and cholesteryl ester solubilities using these 8 
different density-based expressions (previously discussed in Section 3.3) are tabulated 





















Figure 5.17 Solid solubility in SCF CO2 correlated with Kumar & Johnston model 
 
Cholesterol and cholesteryl ester solubilities 2ln y  are plotted as a function of 
ρ  in Figure 5.16. The figure indicates that the solubilities are almost linear functions 
of pure solvent density, i.e. SCF CO2 density.  The solubility is observed to increase 
monotonically with temperature as a result of vapor pressure effect.  It appears that 
Chrastil’s correlation Eq. 5.5 is able to represent the solubility data rather well.  The 
AARD% obtained for various compounds is displayed in Table 5.8 and it varies 
between 5.0 to 10.5% and is smaller than that obtained from the PR EOS.  These 
results are quite useful for interpolation of solubility data to other temperatures. An 
 




examination of Table 5.8 indicates that the values of the association numbers, 1c , for 
the four solutes, obtained from the regression, increase with their molecular weights, 
and that the values of 1c  are 5.4135, 6.2077, 6.8338 and 7.5213 for cholesterol, 
cholesteryl acetate, cholesteryl butyrate and cholesteryl benzoate respectively. These 
values are greatly different from those obtained from solute partial molar volumes 
(Eckert et al., 1982). Further, they appear to be related to the solute molecular weight 















Figure 5.18 Solid solubility in SCF CO2 correlated with Del Valle & Aguilera model: 
●, cholesteryl acetate; △, cholesteryl benzoate; ◊, cholesterol; ■, cholesteryl butyrate; 
—, Del Valle & Aguilera model. 
 
The linear expression of 2ln y  and ρ , i.e., the Kumar and Johnston 
correlation— Eq. 5.6, is also used to model the solubility data. It is able to correlate 
the solid solubility well as shown in Figure 5.17. It yields marginally poorer results 
than the Chrastil model as shown in the slightly larger AARD% displayed in Table 
5.8.  
Additionally, these two linear correlations are extended by including the term 
21 T . The modeling results are plotted in Figures 5.18 and 5.19. Unexpectedly, this 
 





















Figure 5.19 Solid solubility in SCF CO2 correlated with proposed model: ●, 
cholesteryl acetate; ▲, cholesterol; ◆, cholesteryl benzoate; ■, cholesteryl butyrate; 














Figure 5.20 Solid solubility in SCF CO2 correlated with Méndez-Santiago & Teja 
model: ●, cholesterol; ▲, cholesteryl butyrate; ◆, cholesteryl acetate; ■, cholesteryl 
benzoate; —, Méndez-Santiago & Teja model. 
 
The results, correlated with Eqs. 5.9 to 5.10, are plotted in Figures 5.20 to 
5.21. These two methods consider the effect of pressures. However, such pressure-
 




enhancement treatments do not give better correlations than the Chrastil model and 
















Figure 5.21 Solid solubility in SCF CO2 correlated with Jiang & Pan model: ■, 
cholesterol; ◆, cholesteryl benzoate; △, cholesterol butyrate; ○, cholesteryl acetate; 













Figure 5.22 Solid solubility in SCF CO2 correlated with E-involved Méndez-Santiago 
& Teja model: □, cholesterol; ◆, cholesteryl benzoate; △, cholesterol acetate; ●, 
cholesteryl butyrate; —, E-involved Méndez-Santiago & Teja model. 
 
Other models involving the enhancement factor E , i.e., Eqs. 5.11 and 5.12, are 
also used to correlate solubility data. Attempt to account for the effect of solid 
sublimation vapor pressure in these models (i.e., Eqs. 5.11 and 5.12) gives poorer 
 




performance than the other correlations with the AARD% ranging from 7.71 to 16.39 
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Figure 5.23 Solid solubility in SCF CO2 correlated with E-involved Wang& 
Tavlarides model: ●, cholesterol; ▲, cholesteryl benzoate; ◆, cholesterol acetate; □, 
cholesteryl butyrate; —, E-involved Wang& Tavlarides model. 
 
 
In summary, the linear relationships of 2ln y  vs. ρln  or ρ , i.e., Eqs. 5.5 
(Chrastil, 1982) and 5.6 (Kumar and Johnston, 1988) are superior to the others. The 
success of these two models suggests that the supercritical solvent density captures the 
overall integrated effect of the solvent on solute solubility under the conditions 
investigated. The specific interactions between the solute and CO2 molecules may not 
be formed or not too strong to significantly affect the solute behavior.  Therefore the 
introduction of a polar solvent may have a potential to form specific molecular 










In this study, the dynamic continues flow technique together with direct mass 
measurement method was employed to measure the solubility of cholesterol and its 
esters in pure supercritical carbon dioxide. The reliability of this technique was tested 
and verified by performing solubility measurements of cholesterol at 45oC, which 
compare well with those of Yun’s study (1991). The solubilities of cholesteryl acetate, 
cholesteryl butyrate and cholesteryl benzoate in pure SCF CO2 were determined from 
80 –270 bar and at 35, 45, and 55oC.  Large solubility differences are observed among 
these compounds as a result of their different polarity and vapor pressure.  
The Peng-Robinson equation-of-state is amenable to model these solubilities 
and gives reasonable quantitative representation for all the four cholesterol systems 
over a wide range of operational conditions.  
Apart from the equation of state approach, the density correlations were also 
used to model our systems. These correlations were seen to correlate the solubility 
data for the four compounds better than the equation of state approach. Of all the 
density correlations considered, the two linear expressions, i.e., iyln  vs. ρln  
(Chrastil, 1982) and iyln  vs. ρ (Kumar & Johnston, 1988), are superior to the other 
density-based correlations (i.e., Eqs. 5.7-5.12). The correlations augmented by the 
term of 2/1 T  could not improve the performance of the original ones.  
 
 




CHAPTER 6 SOLUBILITY OF CHOLESTEROL AND ITS 
BENZOATE IN SCF CO2 WITH COSOLVENTS 
 
6.1 Introduction 
Recently, cosolvents have gained considerable interests in applying 
supercritical carbon dioxide because they can greatly enhance the solute solubility.  As 
addressed previously, carbon dioxide is a non-polar molecule and exhibits a rather 
poor solvency for polar solutes. Polar cosolvents, thus introducing into the 
supercritical CO2, can enhance its solvating power for polar compounds.  A number of 
studies demonstrating the cosolvent effect on the solubility enhancement can be dated 
(Guan et al., 1999, 1998; Zhong et al., 1997; Ke et al., 1996; Koga et al., 1996; 
Johannsen et al., 1995; Gurdial et al., 1993; Foster et al., 1993; Ting et al., 1993; Ekart 
et al., 1993; Lemert et al., 1991; Cygnarowicz et al., 1990; Wong et al., 1986).  
In this work, we report equilibrium solubility of cholesterol and cholesteryl 
benzoate in supercritical CO2 by adding 3.0 mol% polar cosolvents, i.e., methanol and 
acetone, to SCF CO2.  The flow technique coupled with gravimetric analysis was used 
to measure the solubility of cholesterols in various SCF CO2-cosolvent mixtures. 
Experimental measurements were performed in the pressure range from 100 to 
270bar, and temperature at 45 and 55oC.  
The organization of this chapter is as follows: Section 6.2 presents in detail the 
methodology applied to carry out the ternary solubility measurements. Section 6.3 
briefs the models used to correlate the cosolvent system solubility data. Section 6.4 
presents our experimental results for these supercritical CO2/ polar cosolvent/ polar 
solute systems. The cosolvent effect on the solute solubility enhancement is discussed 
in detail. The PR EOS model and several density-based models considered to describe 
 





















6.2 Experimental setup 
In addition to the binary systems, the solubilities of cholesterol and cholesteryl 
benzoate in supercritical CO2 in the presence of a polar cosolvent (methanol and 
acetone) were also measured.  As determined previously (see sec.5.4), the solubilities 
of cholesterol and cholesteryl benzoate in pure supercritical CO2 are lower than those 
of cholesteryl acetate and cholesteryl butyrate. This difference is believed to due to the 
effects of both polarity and vapor pressure (cholesterol possesses highest polarity, 













Figure 6.1 Schematic of the experimental apparatus used in measuring the solid 
solubility in the SCF CO2-cosolvent mixture (1) CO2 cylinder; (2) chiller; (3) 
HPLC pump; (4) switching valve; (5) preheater coil; (6) equilibrium vessel; (7) 
oven; (8) back pressure regulator; (9) collection U-tube; (10) saturator; (11) wet 
gas meter; (12) cosolvent reservoir 
 




well), thus these two solid were chosen in our study to investigate how cosolvent 
affects solid solubility. To carry out these measurements, a co-solvent delivery system 
(with a co-solvent feeder and a HPLC intelligent pump) is added to the apparatus used 
for binary system studies (refer to Sec. 5.2). Similarly, the flow-type solubility 
determination method was also applied for ternary systems. A schematic of the 
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Figure 6.2 Effect of flow rate on introduced cosolvent 
 
Liquid co-solvent, methanol (0.791g/cm3 at 20oC, Tedia, HPLC/Spectro, 
99.98%) or acetone (0.790g/cm3 at 20oC, Tedia, HPLC/Spectro, 99.97%), was 
introduced into the system by an HPLC pump.  The pump was calibrated to accurately 
work with flow rates varying from 1µl to 10 ml of liquid delivered per minute with an 
error of no more than ±0.1µl/min.  Further, to ensure that the desired amount of 
 




cosolvent is introduced, cosolvent delivery at flow rates varying from 10 to 50 µl per 
minute, at 318.15 and 328.1K and pressures changing from 120 to 240bar was 
performed. The delivery rate of a cosolvent was measured from the depletion of a 
storage tank. The CO2 feeding rate is set at a constant value of 0.60ml/minute. As 
shown in Figure 6.2, the deviation from the set value was within 3.0 %, which 
suggests that the liquid cosolvent can be accurately added to the system. The operating 
temperature and pressure were properly selected so that the binary carbon dioxide/co-
solvent mixture lies in the supercritical region (Ting et al., 1993, Gurdial et al., 1993; 
Foster et al., 1993). In this study, 3.0 mol% cosolvent, i.e., acetone or methanol, was 
introduced into the cholesterol/supercritical CO2 or cholesteryl benzoate/supercritical 
CO2 systems.  
The premixing heater coil in the oven is sufficiently long to ensure that the co-
solvent and CO2 are thoroughly mixed and that the desired supercritical state is 
reached prior to entering the extraction units.  The supercritical solvent mixture fluid 
was then fed into the extraction vessels in series packed with alternative layers of 
glass beads and the organic solute.  Downstream to the extraction vessels, the 
supercritical CO2/co-solvent mixture, saturated with the solid component, was 
depressurized via the back pressure regulator and the precipitated solids were 
collected in a cold trap as described earlier in Chapter 5 for the binary systems.  The 
amount of solid solute collected was determined gravimetrically after vaporizing the 
cosolvent in a fumehood.  
 
6.3 Modeling 
The Peng-Robinson equation of state (PR EOS) is used to model the 
solute/cosolvent/CO2 solubility data. To facilitate the PR EOS model, a number of 
 




physical property parameters of the supercritical solution components are needed. As 
described in chapter 4, the required parameters for cholesterol and cholesteryl 
benzoate are estimated other than measured directly since those are unavailable. All 
the physical properties of the cosolvent systems required for using the Peng-Robinson 
model are presented in Table 4.7.   
To model the solubility of ternary systems (1 = carbon dioxide, 2 = solute, 3 = 
co-solvent) using the Peng-Robinson equation of state, three interaction parameters: 
12k , 13k  and 23k  are used.  The carbon dioxide/solute interaction parameter 12k  is 
already available from binary mixture studies described earlier except for cholesterol 
at 328.15K, which is determined through linear interpolation. The carbon dioxide/co-
solvent interaction parameter 13k  is obtained independently by applying the PR EOS 
to fit carbon dioxide/methanol or carbon dioxide/acetone vapor-liquid equilibrium 
(VLE) data. When no VLE data exists at the temperature of interest, the value of 13k  
was determined via linear interpolation or extrapolation.  To model the solubility of 
cholesterol or cholesteryl benzoate in the ternary mixture, the parameter 23k  that 
accounts for solute/co-solvent interactions is adjusted by regressing the PR EOS 
predictions against experimental data.  
Additionally, the density-based correlations that are detailed in Chapter 3 were 
directly extended to model the cosolvent enhanced solid solubility. However, the 
densities of pure supercritical CO2 cannot be directly used for these ternary solutions, 
as those for binary systems. For simplification, we estimate the solvent mixture 
density with the simple additive method, i.e., pure CO2 density enhanced by 3.0 % due 
to the contribution of the cosolvent. It should be addressed that the objective function 
used here for these correlations is the average absolute relative deviation percentage 
(AARD%) between calculated and experimental solubility data over the range of 
 




experimental temperature instead of at each temperature applied to the cubic equation 
of state approach. 
 
6.4 Results and discussions 
6.4.1 Cosolvent consideration 
Owing to their differing molecular structures, the solubilities of cholesterol 
and cholesteryl benzoate are significantly lower than those of cholesteryl acetate and 
cholesteryl butyrate, as shown previously (Sec 5.4).  In the present study, we further 
examined the effect of a co-solvent (i.e., methanol or acetone) on the solubility of the 
former two compounds and measured their solubilities at 318.15 and 328.15 K and 
pressure ranging from 100 to 270 bar, in a 3.0mol % methanol/CO2 and 3.0 mol % 
acetone/CO2 (solute free basis) supercritical solvent mixtures. . It is noticed that at the 
operating temperature and pressure of interest, the binary methanol/ CO2 and 
acetone/CO2 mixtures are in a one-phase supercritical state. 
Several studies on the influence of polar and non-polar cosolvents on 
cholesterol solubility behavior in supercritical CO2 or ethane can be found in the 
literature (Wong and Johnston, 1992; Kosal et al., 1992; Singh et al., 1993; Foster et 
al., 1993). Our work will enrich the database of cholesterol solubility in supercritical 
CO2 solvent mixtures. Since cholesterol has a polar group, i.e., hydroxyl or ester 
group, besides a large hydrocarbon backbone, it is expected that adding a polar 
cosolvents can lead to strong polar molecular interaction via hydrogen bonding or 
strong dipole-dipole attractions among the solute and co-solvent molecules, thus 
resulting in solubility enhancement. Therefore, the functionality of the cosolvents—— 
methanol and acetone—― was chosen such as that they might interact differently 
with cholesterols, whose structure is shown in Chapter 2.  The choice of cosolvents 
 




used was also based on availability in high purity, and other physical and chemical 
characteristics. In this study methanol was selected due to its hydroxyl group, and thus 
rendering it capable of hydrogen bonding as well as polar interaction (µ=1.63D) 
(McClellan, 1989). In contrast, acetone exhibits higher polarity (µ=2.68D) 

























Figure 6.3 Solubility of cholesterol in supercritical CO2 with acetone cosolvent. The 
acetone concentration (solute free) is 3.0 mol% for ■▲, 3.5mol% for □∆ × and 
6.0mol% for +. 
 
6.4.2 Solubility enhancement 
The data obtained in our study were verified by comparing the measured 
cholesterol solubility in supercritical CO2-acetone mixture with those reported by 
Foster et al. (1993). Very good agreement between the measurements is seen in Figure 
6.3. 
Tables 6.1 and 6.2 show the solubility of cholesterol and cholesteryl benzoate 
in methanol/ CO2 and acetone/CO2 mixtures, respectively.  It is evident from Tables 
5.2 and 6.1 that the solubility of cholesterol is higher in the presence of a co-solvent.  
The same observation applies to cholesteryl benzoate as seen from Tables 5.4 and 6.2.  
 




The effect of pressure on solubility for ternary systems follows the expected trend, 
that is, the higher pressure leads to the higher solubility.  Additionally, the 
phenomenon of retrograde behavior was also observed due to the effect of temperature 
on the solvent density and solid vapor pressure.  
 
Table 6.1 Solubility of cholesterol in SCF CO2 with a cosolvent* 
2y (mole fraction) 
Methanol Acetone Pressure (bar) 
318.15K 328.15K 318.15K 328.15K 
100 2.53E-05  3.73E-05  
120 5.92E-05 2.49E-05 6.08E-05 4.05E-05 
140 8.20E-05 5.95E-05 8.26E-05 7.71E-05 
160 9.61E-05 9.57E-05 1.01E-04 1.06E-04 
180 1.17E-04 1.13E-04 1.16E-04 1.24E-04 
210 1.35E-04 1.47E-04 1.41E-04 1.75E-04 
240 1.60E-04 1.75E-04 1.54E-04 2.18E-04 
* Solute free basis. 
 
Table 6.2 Solubility of cholesteryl benzoate in SCF CO2 with a cosolvent* 
2y (mole fraction) 
Methanol Acetone Pressure (bar) 
318.15K 328.15K 318.15K 328.15K 
130 1.53E-05  1.64E-05 1.19E-05 
140  1.38E-05   
160 2.50E-05 2.24E-05 2.68E-05 2.58E-05 
180 3.13E-05 2.98E-05 3.06E-05 3.31E-05 
210 3.98E-05 4.25E-05 3.95E-05 4.69E-05 
240 5.01E-05 5.72E-05 4.83E-05 5.96E-05 
270 5.53E-05 6.11E-05 5.40E-05 7.20E-05 
* Solute free basis. 
 
 




The data presented in Tables 6.1 and 6.2 show that solubilities greater than or 
equal to those in pure supercritical CO2 can be achieved at much lower temperatures 




















Figure 6.4 Cosolvent effect on SCF CO2-cholesterol systems as a function of pressure 
at 318.15K and a cosolvent concentration of 3.0 mol% (solute free basis). 
 
In order to quantify the enhancement in solubility due to a co-solvent more 
clearly, it is practical to define the “cosolvent effect” as follows:  






,2        (6.1) 
Figure 6.4 shows the co-solvent effect for cholesterol at 318.15 K with 3.0 
mole % acetone and methanol loadings.  The co-solvent effect is always greater than 
unity at all pressures; it decreases with pressure and levels off to a value of 
approximately 1.5 for pressures above 160bar, consistent with previous investigations 
(Ekart et al., 1993, Foster et al., 1993, Ting et al., 1993).  This behavior may be 
attributed to the result of intermolecular interactions occurred in the cosolvent 
systems. The local composition of cosolvent molecules around the solute molecule-
centered clusters decreases as the pressure increases (Yonker and Smith, 1988). The 
 




fluctuation of the local composition from the bulk will asymptotically “vanish” as 





















Figure 6.5 Cosolvent effect on SCF CO2-cholesteryl benzoate systems as a function of 
pressure at a cosolvent concentration of 3.0 mol% (solute free basis). 
 
Also, the magnitude of the co-solvent effect is dependent on the co-solvent 
loading (see Figure 6.3) and the type of co-solvent used.  Table 6.1 indicates that 
acetone is more effective in enhancing the solubility of cholesterol than methanol 
particularly at low pressures.  Figure 6.5 displays the co-solvent effect of methanol 
and acetone on the solubility of cholesteryl benzoate.  The variation of co-solvent 
effect with pressure in this case is similar to that found for cholesterol.  
The observed solubility enhancement in the binary solvent mixture is most 
likely due to the preferential complex interaction between the solute and the cosolvent 
in the supercritical fluid phase instead of the increase in the mixture density only as a 
result of the addition of a small amount of cosolvent to the primary supercritical CO2. 
To illustrate this, the data obtained for co-solvent systems were also presented 
graphically in terms of the solvent mixture density in Figures 6.6 and 6.7.  In order to 
obtain a reasonable estimate of the mixture density, the PR EOS was first used to 
 




calculate the density of the ternary system and that of pure supercritical CO2.  The 
ratio of the former to the latter was then multiplied by the actual CO2 density (Angus 
et al., 1976) to give an estimate for the mixture density.  Such a calculation tends to 
cancel out the errors occurring in calculating the densities of pure CO2 and ternary 
system with the PR EOS. 
The advantage of representing the data with respect to the mixture density is 
that the effect of the increased density of the cosolvent-supercritical fluid mixture on 
the solubility enhancement is removed. Thus, if the observed solubility enhancement 
was entirely due to the increased density of the cosolvent mixture, then the isotherms 



























Figure 6.6 Solubility of cholesteryl benzoate as a function of solvent mixture density. 
 
 




























Figure 6.7 Solubility of cholesterol as a function of solvent mixture density. 
 
Figure 6.6 shows that at 328.15 K the isotherms for the cholesteryl benzoate-
CO2-methanol system and the cholesteryl benzoate-CO2-acetone system nearly 
overlap each other, implying that the observed solubility enhancement is largely a 
density-based phenomenon and may not be due to specific molecular interactions 
involved.  In contrast, at 318.15K, a distinct separation appears between the ternary 
isotherms and the binary isotherm suggesting that the solubility enhancements 
observed cannot be attributed to density effect alone; instead, interactions between co-
solvent and solute molecules account for these enhancements as well.  These 
molecular interactions are more significant for cholesteryl benzoate cases. The above 
observation indicates that the solute/co-solvent interaction is affected by temperature 
and it diminishes as temperature increases. The temperature-molecular interaction 
relationship in supercritical solutions agrees well with the conclusion drawn from the 
solute partial molar volume (PMV) (see Sec.5.4), i.e., raising temperature renders the 
PMV less negative and in turn decrease the strength of the solute/cosolvent 
 




interactions. Although the partial molar volume has been estimated only for binary 
systems, such information is qualitatively applicable to these cosolvent systems.  
Also it can be seen in Figure 6.7 that acetone at 318.15K exhibits a stronger 
solubility enhancement effect than methanol. This difference suggests that high 
polarity of acetone plays an important effect on cholesterol solubility.  
 
6.4.3 Modeling results by PR EOS approach 
The solubility data of cholesterol and cholesteryl benzoate in methanol/ CO2 
and acetone/CO2 mixtures shown in Tables 6.1 and 6.2 are modeled using the PR 
EOS.  The interaction parameter 13k  between CO2 and cosolvent were regressed via 
the PR EOS from the available VLE data and presented in Table 6.3. 
 
Table 6.3 Sources of VLE data and regressed binary interaction parameters 
13k  CO2-cosolvent  Sources used Temperature (K)* 
318.15K 328.15K
Suzuki, K.; et al. (1990); 313.4(8); Methanol 
Hong, J.H. et al. (1988) 323.15(9), 310(11) 
0.0659 0.0667 
Acetone Day, C.Y. et al. (1996) 303.13(8), 308.15(10) 0.0037 0.0037 
* Number in the parenthesis is data points. 
 
 




























Figure 6.8 PR EOS correlation of solubility of cholesterol in SCF CO2 with methanol 






















































Figure 6.10 PR EOS correlation of solubility of cholesteryl benzoate in SCF CO2 with 

























Figure 6.11 PR EOS correlation of solubility of cholesteryl benzoate in SCF CO2 with 










Table 6.4 Regressed 23k  with PR EOS for various ternary systems ( 13k obtained 
from VLE data)  
solute 
cholesterol cholesteryl benzoate Cosolvent Temperature (K)
23k  AARD% RMS% 23k  AARD% RMS%
Methanol 
318.15 0.2559 11.27 17.45 0.3892 6.73 8.90
 
328.15 0.2850 16.41 28.19 0.4400 13.23 17.98
Acetone 
318.15 0.2731 6.54 9.48 0.3868 5.33 7.40
 
328.15 0.2168 6.57 11.92 0.4027 14.18 22.17
 
 
The PR EOS is then regressed against the solubility data by adjusting the value 
of 23k  with 13k  fixed (obtained from CO2/cosolvent vapor/liquid equilibrium data).  
Regressed values of 23k  and AARD% deviations for all the ternary systems at 
each temperature are presented in Table 6.4, and PR EOS correlations are shown in 
Figures 6.7 to 6.10.  It is seen that the PR EOS correlates the experimental data of 
ternary systems very well with AARD% values ranging from 5.31 to 16.41, smaller 
than those found for binary systems.   
 
Table 6.5 Regressed 23k  with PR EOS for various ternary systems 
( 13k =0) 
solute 
cholesterol cholesteryl benzoate Cosolvent  T (K)  
23k  AARD% 23k  AARD% 
Methanol 318.15 0.2378 12.03 0.3625 7.34 
 328.15 0.2569 18.62 0.4141 14.73 
Acetone 318.15 0.2718 6.55 0.3850 5.34 
  328.15 0.2154 6.69  0.4013 14.30 
 
 




Table 6.6 Regressed 23k  with PR EOS for various ternary systems ( 13k  varying from 
0~1.0) 
Solute 
Cholesterol Cholesteryl Benzoate Cosolvent T (K) 
23k  13k  AARD% 23k  13k  AARD%
Methanol 318.15 0.3168 0.2541 9.36 0.5250 0.3971 4.46 
 328.15 0.3908 0.4842 9.52 0.6150 0.6401 4.13 
Acetone 318.15 0.2762 0.0121 6.54 0.4729 0.1861 5.20 
 328.15 0.2838 0.2012 4.14 0.5531 0.4469 3.96 
 
 
In addition to these calculations, we also applied the PR EOS to correlate the 
solubility data by: (1) setting 013 =k  while adjusting the parameter 23k ; and (2) 
adjusting both parameters 13k  and 23k  in the regression calculations. These two 
options are considered because: (1) value of 13k  obtained from the VLE data may not 
reliably reflect the interaction between the primary solvent and cosolvent molecules 
occurring in the supercritical conditions and (2) setting 013 =k  may also be 
reasonable as the molecular size as well as the intermolecular energy between these 
substances can be assumed relatively comparable. For the case 013 =k , the correlation 
performed with PR EOS model give poorer results.  However, greatly improved 
correlation was obtained with the AARD % lower than 10 for all ternary systems 
when both 13k  and 23k  are treated as adjustable parameters in our regression. This 
points to the significant influence of mixing rules on the performance of the model. 









6.4.4 Modeling results by density-based correlations 
Table 6.7 Regressed results for various ternary systems via density-based models 
(without involvement of E ) 
  0c  1c  2c  3c  AARD% RMS%
Cholesterol -CO2-methanol 
 Eq. 5.5 -37.5331 3.7748 -2727.60  5.64 7.64
 Eq. 5.6 -4.1487 2.469E-04 -3001.84  6.85 9.36
 Eq. 5.7 -24.1548 3.7748 -11373.95 1396698.00 5.64 7.64
 Eq. 5.8 -2.2108 2.469E-04 -4254.28 202314.20 6.85 9.36
 Eq. 5.9 6.4875 2.995E-04 -3988.83 -0.5085 5.89 8.32
 Eq. 5.10 -6798.71 0.1130 22.5188  7.60 9.69
Cholesterol -CO2-acetone 
 Eq. 5.5 -26.9945 3.0754 -3894.40  8.23 9.75
 Eq. 5.6 0.2361 2.029E-04 -4137.57  6.37 8.40
 Eq. 5.7 -17.9094 3.0754 -9766.05 948485.40 8.23 9.75
 Eq. 5.8 -0.4149 2.029E-04 -3716.80 -67971.00 6.37 8.40
 Eq. 5.9 -7.5353 1.645E-04 -3416.42 -0.3715 5.85 8.30
 Eq. 5.10 -7702.58 9.882E-02 26.1840  11.00 12.57
Cholesteryl benzoate -CO2-methanol 
 Eq. 5.5 -48.6472 5.4051 -4708.42  2.68 3.12
 Eq. 5.6 -1.2113 3.120E-04 -4746.22  1.98 2.70
 Eq. 5.7 -51.8454 5.4051 -2641.66 -333860.00 2.68 3.12
 Eq. 5.8 -7.9550 3.120E-04 -387.44 -704102.00 1.98 2.70
 Eq. 5.9 3.6823 3.463E-04 -5290.04 -0.2279 1.76 2.52
 Eq. 5.10 -9832.86 0.1498 28.5929  2.98 3.39
Cholesteryl benzoate -CO2-acetone 
 Eq. 5.5 -41.0101 4.9060 -5574.71  3.05 3.71
 Eq. 5.6 1.9829 2.937E-04 -5651.32  1.64 2.06
 Eq. 5.7 -23.1434 4.9060 -17121.83 1865282.00 3.05 3.71
 Eq. 5.8 -4.2472 2.937E-04 -1624.77 -650435.00 1.64 2.06
 Eq. 5.9 4.8769 3.123E-04 -5965.89 -0.1342 1.35 1.92
 Eq. 5.10 -10530.66 0.1403 31.3497  3.83 4.69
RMS% is defined as the percentage root mean square deviations. 
AARD% is defined as the percentage average absolute deviations. 
 
The solubility data are also correlated using several density-based models. 
From Table 6.7, we found that the empirical density correlations introduced 
 




previously can accurately describe the ternary cosolvent systems with AARD% 
mostly lower than 7.0. Overall, these 6 correlations performed best for cholesteryl 
benzoate-methanol-CO2 solution with AARD% significantly lower than 3.0 and RMS 
% lower than 3.4, followed by cholesteryl benzoate-actone-CO2 solution with 
AARD% ranging from 1.35 to 3.83, then cholesterol-methanol-CO2 mixture along 
with AARD%: 5.64 ~ 7.60, and finally cholesterol-acetone-CO2 solution with highest 
AARD% values 5.85 ~ 11.0. The correlations with these models are also graphically 
presented in Figures 6.12 to 17. 
A comparison of Table 5.8 and Table 6.7 shows these 6 density models are in 
agreement with the solubility data rather better for the cosolvent ternary systems than 
their respective pairs, especially for cholesteryl benzoate systems as reflected by the 














Figure 6.12 Chrastil correlation of solute solubility in cosolvent systems: ●, 
cholesteryl benzoate-CO2-acetone; ▲, cholesteryl benzoate-CO2-methanol; ◆, 
cholesterol-CO2-acetone; ■, cholesterol-CO2-methanol; —, Chrastil model. 
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Figure 6.13 Kumar & Johnston correlation of solute solubility in cosolvent systems: ●, 
cholesteryl benzoate-CO2-acetone; △, cholesteryl benzoate-CO2-methanol; ◇, 


















Figure 6.14 Méndez-Santiago & Teja correlation of solute solubility in cosolvent 
systems: ●, cholesteryl benzoate-CO2-acetone; ▲, cholesteryl benzoate-CO2-methanol; 























Figure 6.15 Jiang & Pan correlation of solute solubility in cosolvent systems: ○, 
cholesteryl benzoate-CO2-acetone; △, cholesteryl benzoate-CO2-methanol; ◆, 





















Figure 6.16 Del Valle & Aguilera correlation of solute solubility in cosolvent systems: 
●, cholesteryl benzoate-CO2-acetone; ▲, cholesteryl benzoate-CO2-methnaol; ◇, 
























Figure 6.17 Proposed correlation of solute solubility in cosolvent systems: ●, 
cholesteryl benzoate-CO2-acetone; ▲, cholesteryl benzoate-CO2-methanol; ◆, 














Figure 6.18 E-involved Méndez-Santiago & Teja correlation of solute solubility in 
cosolvent systems: ○, cholesteryl benzoate-CO2-acetone; △, cholesteryl benzoate-CO2-
methnaol; ◇, cholesterol-CO2-acetone; □, cholesterol-CO2-methanol; —, Méndez-
Santiago & Teja model. 
 
 


















Figure 6.19 E-involved Wang & Tavlarides correlation of solute solubility in 
cosolvent systems: ●, cholesteryl benzoate-CO2-acetone; ▲, cholesteryl benzoate-
CO2-methnaol; ◇, cholesterol-CO2-acetone; □, cholesterol-CO2-methanol; —, Wang 
& Tavlarides model. 
 
Table 6.8 Regressed results of E  involved density-based models  
  0c  1c  AARD% RMS% 
Cholesteryl benzoate -CO2-methanol 
 Eq. 5.11 1.002E-04 2.9204 15.67 17.55 
 Eq. 5.12 671.661 0.1578 9.02 10.00 
Cholesteryl benzoate -CO2-acetone 
 Eq. 5.11 1.179E-04 2.5734 12.76 13.59 
 Eq. 5.12 934.239 0.1445 6.49 7.16 
Cholesterol -CO2-methanol 
 Eq. 5.11 1.535E-04 2.2907 25.32 26.97 
 Eq. 5.12 1137.007 0.1180 17.54 20.00 
Cholesterol -CO2-acetone 
 Eq. 5.11 1.772E-04 1.8362 20.09 22.89 
 Eq. 5.12 1441.489 0.1023 13.01 17.03 
RMS% is defined as the percentage root mean square deviations. 
AARD% is defined as the percentage average absolute deviations. 
Further, we also apply two density-based models involving the use of 
enhancement factor E (i.e., Eqs. (5.11) and (5.12)) to the data. The correlated results 
 




are plotted in Figures 6.18 and 6.19. Generally, these two models give poorer results 
as reflected in the AARD% which varies from 6.49 to 25.32, and RMS% that ranges 
in 7.16~26.97. These two enhancement factor E/density-based correlations produce 




In this study, the effect of methanol or acetone on the solubilities of cholesterol 
and cholesteryl benzoate in 3.0 mole% supercritical CO2/co-solvent are examined.  
We found that the co-solvents enhance the solubilities of these two compounds up to 
700% fold depending on the operational pressure. Besides the increased solvent 
mixture density, the solute-cosolvent molecular interaction also plays a significant role 
in enhancing solid solubility observed. Further, acetone was found to exhibit a larger 
enhancement effect than methanol owing to its stronger polarity. This interaction was 
observed to decrease with the temperature. 
The PR EOS model and several empirical density-based models are used to 
model the solubility data.  The density-based models provide a better correlation of 
the experimental results than the PR EOS.   
 
 




CHAPTER 7 SOLUBILITY OF MIXED CHOLESTERYL 
BUTYRATE AND BENZOATE IN SUPERCRTICAL 




Up to now, solubility data for a broad range of compounds in supercritical 
fluids (SCFs) have been available and they provide relevant information required for 
applying supercritical fluid technology. Unfortunately, most of these databases 
concern the solubility of a single solute in supercritical solvent (with or without a 
cosolvent). In contrast, solubility data for multi-solute systems have been reported far 
less frequently. The study of multi-solid systems is of industrial importance and 
theoretical as well as practical interests. 
Recently, solubility data of a limited number of solid mixtures in supercritical 
fluids at different temperature and pressure have been reviewed (Lucien and Foster, 
2000).  The authors have mentioned that the techniques used for measuring the 
solubility of solid mixtures and the behavior of these systems are quite different from 
the single solute counterpart, as summarized below:  
1) Analytical method. Solubility data of pure solids can be conveniently 
measured using the gravimetric method (i.e., by quantifying the collected solute using 
a microbalance); this measurement can also be carried out using other methods like 
GC (Kosal et al., 1992) and NMR Spectroscopy (Lamb, 1986). However, the 
solubility data for mixed-solid systems cannot be determined using the gravimetric 
method. Instead, measurement of the composition of collected solids (i.e., solubility) 
has been analyzed by GC (Tan and Weng, 1987; Dobbs and Johnston, 1987; Johnston 
et al., 1987; Lemert and Johnston, 1990; Kosal et al., 1992), HPLC (Chang and 
 




Morrell, 1985; Mitra et al., 1988; Macnaughton and Foster, 1994) and NMR 
spectroscopy (Pennisi and Chimowitz, 1986).  
2) Sample preparation. For pure solid systems, fine powder of pure solid is 
directly loaded into the extraction unit. For mixtures of solids, the samples must be 
uniformly mixed prior to loading them into the extraction vessel.  Among the reported 
studies, the preparation is usually carried out by physically mixing equal amounts of 
the powdery or pulverized solids. In some studies (Kurnik and Reid, 1982; Liu and 
Nagahama, 1996b), the solids are first melted to a homogeneous liquid solution which 
is then cooled, solidified, and granulated before it is loaded into the extraction unit.  
3) Solid-liquid transition temperature depression. The high-pressure SCF may 
cause pure solid to melt at temperatures lower than its normal melting point (Lucien 
and Foster, 2000). Similarly, depression of the eutectic point of a solid mixture can 
occur similar to the depression of the melting point of a pure solid.  These high-
pressure-induced eutectic point depressions have been observed for several simple 
eutectic solid mixtures (Gopal et al, 1985; Lemert and Johnston, 1990; Iwai et al., 
1993). These depressions cause the formation of a liquid phase and affect the 
supercritical fluid phase composition, which in turn influences the solid solubility 
behavior.  
4) Solubility enhancement. For pure solid systems, solubility enhancement 
occurs when a cosolvent (e.g., alcohol) is introduced into the supercritical solvent. In 
most multi-solid systems, solubility enhancements for individual solids are observed 
as compared to pure solid solubility data. The enhancement between two solutes 
observed in the same systems can be qualitatively explained in terms of an entrainer 
effect, similar to that observed in cosolvent systems. Apart from the most commonly 
observed solubility enhancement, a small decrease in solubility has been observed for 
 




some multi-solid systems (Kurnik et al., 1981; Macnaughton and Foster, 1994; Cross 
and Akgerman, 1998).   
5) The bed composition effect. The study of anthracene and phenanthrene (Liu 
and Nagahama, 1997), a mixture that is miscible over the whole composition range, 
shows that the solubility of anthracene/phenanthrene solid solution prepared by the 
melting method was moderately affected by the solid solution feed composition. In 
contrast, the solubility was observed to be independent of the weight ratios of pure 
solids physically mixed in their study. This result was also observed for other systems 
(Pennisi and Chimowitz, 1986; Lucien and Foster, 1996). According to the phase rule, 
one expects the solubility to be independent of bed composition for simple eutectic 
solid mixtures. In the case in which a liquid phase formed in the system, the solubility 
observed is affected by the bed composition (Chang and Morrell, 1985; Chung and 
Shine, 1992); the solubility enhancement is more significant for the solute that is 
present as an excess solid (i.e., excess solute). But the relationship between the 
solubility behavior and the bed composition for other solid mixtures is not clearly 
understood. 
There are two points that must be noted out for many of the studies in the 
literature. Firstly, since most of the multi-solid mixture studies were carried out at a 
fixed bed composition of 1:1 mole or weight ratio, the results may not be applicable to 
other compositions. Secondly, in most cases the chosen systems are simple eutectic 
mixtures (Lucien and Foster; 1996, 1998).  
High pressure is known to affect lipid lamellar bilayer phases in excess water. 
In a recent review article, Winter et al. (1997) reported their work on pressure-induced 
phase transition behavior of phospholipid systems which were different in lipid 
conformation and headgroup structure. For example, DEPC (1,2-dielaidoyl-sn-
 




glycero-3-phosphatidylcholine) (di-C18: 1, trans), an unsaturated phospholipid 
measured in the pressure of 1~1520 bar, is observed in excess water to have a drastic 
increase in transition temperature of a liquid crystal to a gel (Lα-gel) with increasing 
pressure. Denaturation of proteins as an evidence of pressure-induced polymer 
structural and phase transformations has been reported (e.g., Heremans et al., 1999; 
Royer, 1999; Silva et al., 1996; Macgregor at al., 1996). The study of some other 
proteins like ovalbumin, hemoglobin, egg white and chymotrypsinogen shows that the 
transformation of the native conformation of a protein into a reversible denatured state 
(an unfolded structure that is not bioactive) can be obtained at a high pressure over 
400 MPa, and that higher pressure can continuously lead to an irreversible aggregation 
of unfolded proteins (Heremans et al., 1999; Silva et al., 1996).  Furthermore, 
ultrahigh pressure (0.1 ~ 100Gpa) has also been reported to cause solids, such as 
carbon, selenium (Se), ice, silica and metal oxides, to experience phase transition 
through crystal site reordering like crystal framework flexion, change of coordination 
number and defect-to-reorder (Senoo et al., 1995; Kunz, 2001).  Although ultra high 
pressure can easily cause phase transition to solid crystal, however moderately high 
pressure (100 ~ 400 bar) has never been reported so far – up to the best of our 
knowledge - to induce solid-solid phase transition on organic solids in SFE process. 
In the present study, we choose to study the solubility of a mixture of 
cholesteryl butyrate (CBU) and cholesteryl benzoate (CBE) in supercritical carbon 
dioxide to investigate whether there is any effect of moderate pressure used in the SFE 
process on solid phase transition and solubility.  The reasons for the choice of CBU-
CBE system are given as follows: 1) the solubility of pure CBE and CBU in 
supercritical carbon dioxide has been reported in literature; 2) CBE/CBU solid 
solutions could be formed because of the similarity of their molecular structures; 3) 
 




cholesteryl esters are important liquid crystals that are potentially useful in clinical 
fields (such as thermal color sensor) besides their relevance to heart diseases (Gray, 
1962; Galanti and Porter, 1972; Griffen and Porter, 1973; Tai and Lee, 1990; Lin, et 
al. 1995, 1996, 2000). 
The solubility of CBE/CBU solid mixtures in SCF CO2 was measured and the 
effect of bed composition on this behavior was examined. The experimental 
measurements were carried out using the continuous flow method coupled with HPLC 
analysis.  Furthermore, in order to better understand the behavior of the chosen 
cholesteryl ester binary systems, their thermal phase transition was also investigated 
through DSC and X-ray diffraction analysis.  Up to our knowledge, this is the first 
study on the formation of a binary solid solution and the effect of bed composition on 
the solid behavior in a moderately high pressure SCF CO2 extraction process. 
The chapter is organized as follows. Section 7.2 presents the details of 
experimental techniques that are used to investigate the solubility and phase transition 
behavior of the solid mixture in SCF CO2.  Section 7.3 discusses in detail our 
experimental results, whereby the decrease of solubility for both solutes is observed.  
This decrease of solubility of cholesteryl butyrate-cholesteryl benzoate at different 
mass ratios in SCF CO2 is shown to be affected by bed composition.  X-ray diffraction 
and DSC results are used to explain the observed phenomena.  Section 7.4 
summarizes our conclusions drawn from this study. 
 




7.2 Experimental section 
7.2.1 Equipment setup and experimental conditions 
The dynamic saturation method, used for single solute/CO2 systems, was used 
to determine the solubility of the solid mixture in pure supercritical carbon dioxide. 
The same apparatus was used with minor modifications in the collection systems. In 
order to allow for HPLC analysis of the composition of the collected solutes, a 
tubulated filter flask filled with a suitable amount of chloroform was used for solute 
collection, instead of the U-tube immersed in the icebox employed for pure solid 
systems described earlier. The HPLC analyzing method used will be discussed in 
detail later.  Also, the gravimetric method was also used to test the measured solubility 
data obtained by the HPLC analysis. The comparison is performed by evaluating the 
total amount of collected CBU and CBE measured by these two methods on a unit 
mole basis of consumed CO2. 
The solubility data of the two cholesteryl esters at different mass ratio in pure 
supercritical carbon dioxide were measured at 35, 45, and 55oC at pressures ranging 
from 100 to 240bar. 
7.2.2 Bed composition consideration 
The influence of feed composition on the solid mixture solubility is fully 
considered in our study. Solubilities of seven different bed compositions of CBE-CBU 
mixtures in SCF CO2 were measured at 45oC and 160, 180, 210 and 240 bar.  The 
chosen compositions (CBU-CBE weight %) used in the mixture solubility 
measurement are: 75:25, 67:33, 60:40, 50:50, 40:60, 33:67 and 25:75 weight %. For 
the sake of convenience, we define uX  as the mass (weight) fraction of cholesteryl 
butyrate in the solid mixture. Each mixture (ca. 10 gram) was prepared by weighing 
 




out the required amount of each component and putting it into a container, which was 
then stirred vigorously for at least one hour to make sure that the powders were well 
mixed before they were loaded into two 10-ml extraction vessels arranged in series 
with alternate layers of glass beads.  The solids in the extraction vessels were placed 
in contact with pressurized CO2 for 30 minutes prior to collecting the dissolved 
solutes.  The variation of flow rate in the range of 0.4 ~ 1.0 ml/min, similar to those 
carried out in the pure solute system (see Chapter 5), was found to make insignificant 
difference in the solubility of each component.  
7.2.3 HPLC analysis of collected solid mixture 
The solubilities of the two cholesterol esters were measured with the same 
procedure used for binary systems, as described in Chapter 5. However, these 
experiments required the additional task of determining the composition of the solids 
collected in the operations. To achieve this goal, HPLC analysis was used as described 
below.  
7.2.3.1 HPLC instrumentation 
 The HPLC analytical instrument (Hewlett Packard (hp) LC series 1100) 
consists of an auto-degasser unit (G1322A), an HPLC pump (G1311A, QuatPump), a 
heating jacket unit (G1316A, ColComp), a manual injection unit (G1328A), and a UV 
detector (G1314, Variable Wavelength Detector). The whole system was controlled 
using the hp LC1100 software. Mobile phase components were degassed to remove 
any bubbles present before entering the columns. Separation was carried out on an 
Inertsil ODS-3 C18 HPLC column (5µm, 250mm×4.6mm, GL Sciences Inc.) with a 
guard column (Inertsil ODS-3 5µm, 4.6mm×50mm, GL Sciences Inc.). Column 
 




temperature was maintained by a heating jacket unit. The analysis was made in 
reversed-phase mode (Duncan et al., 1979; Kuo and Yeung, 1982; Vercaemst et al. 
1989; Hammad et al., 1992) using a mobile phase of isopropanol and acetonitrile 
(50:50 vol. %). 
7.2.3.2 Preparation of standard solutions 
To obtain a work curve, a series of standard solutions of cholesteryl butyrate 
and cholesteryl benzoate were prepared as follows. A stock solution of cholesteryl 
butyrate was prepared by first measuring ca. 50 mg of the compound and dissolving it 
in 20 ml of chloroform in a 200ml volumetric flask, followed by diluting it with 
180ml of a 1:1(V/V) solvent mixture of HPLC grade acetonitrile and isopropanol 
(mobile phase solvent). Final individual working solutions were prepared using 200-
1000 µl pipette (Finnpipette Digital, Labsystems). By diluting the stock solution with 
the mobile phase solvent, the solutions with certain concentrations were obtained.  
The same procedure was followed in the preparation of a standard solution of 
cholesteryl benzoate using ca. 10 mg of the standard chemical.  
7.2.3.3 Chromatographic condition 
The mobile phase of 50:50 volume% of HPLC grade acetonitrile and 
isopropanol was prepared in 1-liter batches. Each batch was filtered using a 47 mm, 
0.45µm SUPELCO filter (nylon 66 membranes). Flow rate was set at 0.5ml/min and 
the separation was performed at 45oC. The UV variable wavelength detector (VWD) 
detector was set at 210 nm. Total assay time for each sample was 30 minutes above 
the retention times of the two cholesteryl esters which are both around 20 minute at 
operational conditions. To minimize the baseline noise and the column pressure prior 
 




to injecting samples to analyze, a mobile phase at 0.5ml/min for 24 hours is used to 

















Figure 7.1 Work curve for determining mass of collected CBU via HPLC analysis: ys  
and yh  are based on the elution peak area and height respectively. 2R  is the quality of 




















Figure 7.2 Work curve for determining mass of collected CBE via HPLC analysis: ys  
and yh  are based on the elution peak area and height respectively. 2R  is the quality of 
the work curve. 
 
7.2.3.4 Analysis procedure 
All the calibration and sample solutions were tested, and manually injected, at 
least twice so as to obtain better than 99% reproducibility.  Calibration samples were 
 




analyzed so as to generate a peak area-mass working curve as well as a peak height-
mass work curve. A new set of calibration curves was regenerated with newly 
prepared standard solutions each time an analysis of over 20 samples was carried out. 
Figures 7.1 and 7.2 present examples of these standard curves used to obtain the mass 
of cholesteryl butyrate and cholesteryl benzoate, respectively. The linear working 
equations shown in Figures 7.1 and 7.2 indicate that the standard curves are effective 
and reliable with a 2R  better than 99.9%. The masses of the esters were obtained by 
averaging the values calculated from the two curves. Apart from those 
chromatographic figures presented in Chapter 5 for cholesterols, Figure 7.3 shows a 


























Figure 7.3 Quantitatively analyzing the collected CBE-CBU mixture with non-
aqueous reversed phase HPLC. Analytical conditions refer to Figure 5.4. 
 
The solute was collected downstream of the back-pressure-controller (BPR) 
using a container filled with 20 ml chloroform. It is emphasized that the volume of 
chloroform is kept constant prior to preparing samples for HPLC analysis. In order to 
minimize the effect of volatile chloroform on the measured of CO2 volume, an 
isopropanol (miscible with chloroform but with low volatility) trapper was used 
following the collector before the fluid enters two water saturators. The solute 
 




precipitated in the BPR valve and its upstream line was flushed out into the container 
with 10 ml of acetonitrile/isopropanol solvent mixture with the same composition as 
the HPLC mobile phase.  The solvent mixture was also used to rinse the collector for 
at least three times so as to completely remove the solute into a 200 ml volumetric 
flask for subsequent determination of the total amount of the solute with HPLC 
analyzer. 
For the mixed solute systems, the total mass of solute collected was also 
determined via a gravimetric method. The mass of solute measured 
chromatographically on average was found to be 4.0% less than that obtained 
gravimetrically. This was considered to be an acceptable experimental error. 
7.2.4 Thermal analysis of mixed cholesteryl esters 
Along with investigating the solubilities of cholesteryl benzoate-cholesteryl 
butyrate solid mixture in supercritical CO2, thermal analysis on the solid-liquid 
equilibrium for the chosen binary system was simultaneously carried out. The thermal 
analysis results provide us with an understanding of the solubility behavior of CBU-
CBE system in supercritical solution.  The thermal studies were performed, initially 
with a TGA analyzer and later with a DSC analyzer, under atmospheric pressure.  The 
samples were prepared in three different ways as follows. 
   Series A: prepared by physically-mixing CBU-CBE at different mass ratio: 
100:0, 75:25, 67:33, 60:40, 50:50, 40:60, 33:67, 25:75 and 0:100 at ambient 
condition; 
Series B: prepared by physically-mixing CBU-CBE at different mass ratio: 
100:0, 75:25, 67:33, 60:40, 50:50, 40:60, 33:67, 25:75 and 0:100 followed by 
SFE CO2 extraction. Note that the composition of the residue is assumed to be 
 




the same as the composition of the prepared samples since the amount of the 
extract is rather small. 
Series C: prepared by melting physically-mixed CBU-CBE first and then 
solidifying at room temperature in a fumehood.  The resulting solid mixture 
was granulated to fine powders prior to further analysis. The mass ratios of 
CBU-CBE are: 100:0, 85:15, 75:25, 67:33, 60:40, 50:50, 40:60, 33:67, 25:75, 
15:85 and 0:100. 
7.2.4.1 TGA analysis 
TGA analysis was performed on a Shimadzu DTG-50 analyzer. The equipment 
(with α-Al2O3 as the reference) was used without further standardization. High purity 
naphthalene (99+%, Aldrich Co.) was tested at 5 K/min heating rate and its transition 
temperature was seen at 353.65 K, which agrees very well with the literature value 
(353.35 K, Merck Index, 12th edition, Merck Co. NJ). 
TGA curves were recorded in a nitrogen furnace at a heating rate of 5 K/min in 
a flow of N2 (50ml/min) and temperature from 298 to 800 K with samples varying in 
mass from 7 to 14 mg. The open-type platinum pans loaded with samples and the 
reference were properly placed on the sample and reference holders, respectively.  
7.2.4.2 Differential scanning calorimetry (DSC) analysis 
The phase behavior of binary solid mixture of cholesteryl esters was fully 
studied with differential scanning calorimetry (DSC) apparatus (Netzsch DSC 200).  
Standard reference materials, such as indium and tin, were used to calibrate the 
temperature scales of DSC instruments. Naphthalene (Aldrich, 99+ %) was used to 
test the equipment performance after calibration. The transition temperatures of 
indium and tin span the interval of the transition temperatures of CBU-CBE binary 
 




system.  Furthermore, the calibration was carried out under identical conditions 
required for the proposed experiment. 
Sample preparation:  A sample of ca. 1.0 ~ 2.0 mg was transferred to sealed type 
aluminum pans. The pans loaded with a sample were hermetically sealed with a 
presser and the sealed empty pans served as the reference.  The pans were then 
properly placed on the sample holder and reference holder respectively in the furnace 
chamber.  
Scanning rate: To avoid high noise level and thermal lag on the transition 
temperature at high scanning rate, the recommended heating/cooling rate of 5 K/min 
was used in our study. The heating rate was the same as that used in TGA analysis. As 
such, the upper limit of temperature was selected on the basis of TGA profiles. The 
experiment was carried out from room temperature, uniformly heated to 453 or 473 K, 
then directly cooled down to room temperature. High purity N2 (Soxal 99.9%) gas at a 
rate of 50 ml/min was employed as a purge gas as well as a protective gas in our 
study. 
7.2.5 XRD analysis of mixed cholesteryl esters 
In concert with differential scanning calorimetry (DSC) analysis, an XRD 
analyzer was also used to characterize the phase behavior of CBU-CBE solid 
mixtures, especially to study the effect of moderately high pressure used in the SFE 
process on the phase crystalline structure of solid mixtures.  The powder XRD 
spectrometer used in this study is D8 Advance (BRUKER AXS GmbH, Germany).  
The D8 diffractometer consists of a goniometer, an X ray anode (Cu, 1.5406Å) tube 
system, an aperture slit system, a sample carrier and a Sol-X semiconductor detector 
mounted together with a variable silt assembly.  The D8 diffractometer was controlled 
 




using the DIFFRACplus software. The operation was performed at room temperature 
(25°C) by using Cu Kα radiation, 40 kV, and 40 mA with a scanning rate of 0.02 
degree per second (2θ). The diffraction angle used ranges from 5 to 35 degrees.  
7.3 Results and discussion 
7.3.1 Solubility behavior 
7.3.1.1 Solubility of mixed cholesteryl esters at 1:1 mass ratio 
 
Table 7.1 Solubility of a 50:50 mass% mixture of cholesteryl butyrate and 
cholesteryl benzoate in pure SCF CO2 





(mole fraction) CBU CBE 
 T = 308.15K  
120 5.88E-05 2.57E-06 27.2 85.6 
140 8.98E-05 9.19E-06 25.0 91.9 
160 1.12E-04 1.17E-05 26.0 99.7 
180 1.32E-04 1.36E-05 28.8 75.4 
210 1.52E-04 1.68E-05 26.7 91.1 
240 1.89E-04 2.52E-05 32.6 97.4 
 T = 318.15K  
130 7.41E-05 6.29E-06 ─ 99.5 
160 1.30E-04 1.21E-05 34.4 80.5 
180 1.70E-04 1.60E-05 34.1 80.2 
210 2.16E-04 2.21E-05 32.2 89.4 
240 2.71E-04 3.10E-05 32.4 98.4 
 T = 328.15K  
120 1.63E-05 1.24E-06 42.0 ─ 
140 5.89E-05 4.86E-06 40.6 91.9 
160 1.09E-04 1.04E-05 38.3 82.1 
180 1.80E-04 1.74E-05 43.4 84.9 
210 2.61E-04 2.70E-05 43.1 95.4 
240 3.50E-04 3.98E-05 39.2 94.0 
 
 




The measured solubilities of a 50:50 (mass basis) cholesteryl butyrate-
cholesteryl benzoate (CBU-CBE) mixture in supercritical CO2 at 35, 45 and 55oC over 


























Figure 7.4 Solubility versus pressure isotherms for the CBU-CBE-SCF CO2 systems. 
 
It is apparent that these data are similar to those observed in other solid/SCF 
CO2 systems (Kosal and Holder, 1987; Tan and Weng, 1987; Iwai et al., 1993; 
Macnaughton and Foster, 1994; Lucien and Foster, 1996, 1998). The solubility at the 
given temperature monotonically increased with increasing pressure.  Also retrograde 
phenomenon reflecting the effect of temperature on solubility is observed in this 
ternary system. 
To clearly describe the variation of solubility of a solute in the presence of 
another solute in supercritical carbon dioxide, we define the parameter tS  as the ratio 
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The values of tS  are also included in Table 7.1. An examination of Table 7.1 
suggests that a decreased mutual solubility exists in the cholesteryl butyrate-
cholesteryl benzoate-SCF CO2 system when compared with their respective pure 
solute solubility in SCF CO2.  Further examination suggests that solubility diminution 
occurs to cholesteryl butyrate in the presence of equal-mass cholesteryl benzoate in 
supercritical CO2, while only a slight drop is observed for cholesteryl benzoate. The 
solubility decrease for both solute components observed in our study is quite different 
from the solubility enhancement commonly reported. Although such dramatic 
solubility decrease for both solids, based on our knowledge, is uncommon, however a 
small decrease of solubility has been observed for 2,3-dimethylnaphthalene (2,3-
DMN)/phenanthrene (Kurnik et al., 1981), 2,4-dichlorophenoxy acetic acid 
(2,4D)/1,1-bis (4-chlorophenyl)-2,2,2-trichloroethane (DDT) (Macnaughton and 
Foster, 1994), and hexachlorobenzene (HCB)/pentachlorophenol (PCP) (Cross and 
Akgerman, 1998). The most likely explanation for this finding may be attributed to 
the formation of a solid solution under supercritical conditions due to their rather 
similar molecular structures, which may then lead to a solubility reduction for both 
components in the SCF CO2 phase. From a thermodynamic point of view, this implies 
that the partial fugacities of two components in the mixed solid are probably different 
from their pure solid counterparts. Generally speaking, the partial fugacity of a 
component i  in a solution may probably be lower than the fugacity of that component 




i ff <ˆ  at given T 
and P (Chung and Shine, 1992). The solid component i  fugacity in the supercritical 
fluid phase is given as Pyf scfii
scf
i ϕˆˆ =  where scfiϕˆ  accounting for molecular 
interactions in the SCF phase may not be affected while changing from a binary 
 




system to a ternary system. Noting that scfi
s
i ff ˆ= , we can deduce that the solubility 
iy  for a solid solution in the SCF CO2 is lower than that for pure solid pairs.  In our 
case, it is possible that the solid solution of CBU/CBE may form under high pressure 
SCF CO2 process (see Section 7.3.2 for DSC and XRD analysis), which caused 
reduced activities of CBU and CBE in solid solution (i.e., a decrease of both CBE and 
CBU fugacities), and leads to their solubility decline.  Since the property of a solid 
solution is related to its composition, the CBU/CBE feed composition will affect their 
solubility behavior if they could form a solid solution in pressurized CO2. 
For a mixed solute system like simple eutectic systems in which the solids 
remain as pure solid phase under high pressure, the solubility of each solid in the SCF 
phase may be considered independent of the solid mixture composition. Consequently, 
change of the bed composition would make no difference in their ternary solute 
solubility. This observation, i.e., solubility is independent of feed composition, has 
been reported in several investigations (Kurnik and Reid, 1982; Pennisi and 
Chimowitz, 1986; Lucien and Foster, 1996). On the other hand, fluid phase 
solubilities become dependent on the solute composition of the solid phase if the 
solutes undergo melting point depression and produce at least a liquid phase. 
Evidences of this composition-dependent solubility of individual components have 
been found in several studies (Chang and Morell, 1985; Chung and Shing, 1992). The 
study by Liu and Nagahama (1997) shows quite different bed composition effect on 
the solid solubility.  They carried out parallel experimental studies on the solubilities 
of the physically mixed solids and the solid solution of anthracene and phenanthrene. 
Their study shows that the solid solubility of the two components are independent of 
the mass ratio of mixed components in the former but are moderately affected by the 
solid solution composition in the latter. These two contradictory effects of the bed 
 




composition indicate that structural transitions in the solid phase(s) are more complex 
than expected. Thus the solid-liquid equilibrium for the selected cholesteryl esters and 
the effect of a second solute to the other in SCF CO2 was thermally analyzed with a 
DSC analyzer. To aid this analysis, an XRD analyzer was used as well. The related 
experimental results will be fully discussed in the next section. 
7.3.1.2 Effect of bed composition 
Table 7.2 Effect of bed composition on ternary solubility at 318.15 K 
Pressure CBU CBE tS (%) 
(bar) (mole fraction) (mole fraction) CBU   CBE  
CBU:CBE mixture: 75:25 weight % 
160 3.08E-04 7.36E-06 81.6 48.7 
180 3.97E-04 9.07E-06 79.8 45.4 
210 5.21E-04 1.24E-05 77.5 50.1 
240 6.96E-04 2.02E-05 83.2 64.2 
CBU:CBE mixture: 67:33 weight % 
160 2.85E-04 6.65E-06 75.4 44.2 
180 3.79E-04 8.65E-06 76.0 43.2 
210 5.14E-04 1.32E-05 76.5 53.6 
240 7.10E-04 2.12E-05 84.9 67.2 
CBU:CBE mixture: 60:40 weight % 
160 3.02E-04 6.65E-06 80.0 44. 1 
180 3.87E-04 7.96E-06 77.8 39. 8 
210 5.16E-04 1.17E-05 76.8 47.5 
240 7.32E-04 2.08E-05 87.5 66.0 
CBU:CBE mixture: 40:60 weight % 
160 1.43E-04 1.20E-05 37.8 79.6 
180 1.89E-04 1.55E-05 37.9 77.5 
210 2.31E-04 1.87E-05 34.3 75.8 
240 3.19E-04 2.41E-05 38.2 76.6 
CBU:CBE mixture: 33:67 weight % 
160 1.32E-04 1.19E-05 34. 9 78.7 
180 1.72E-04 1.57E-05 34. 6 78.5 
210 2.24E-04 2.21E-05 33.4 89.5 
240 2.82E-04 2.98E-05 33. 7 94.4 
CBU:CBE mixture: 25:75 weight % 
160 1.49E-04 1.21E-05 39.5 80.1 
180 1.93E-04 1.59E-05 38.8 79.3 
210 2.43E-04 2.00E-05 36.2 81.1 
240 3.13E-04 2.85E-05 37.5 90.6 
 
 




In our work, the variation of the bed composition was found to greatly affect 
the solubility of individual components; the experimental results at 318.15 K are 
shown in Table 7.2.  The melting temperatures obtained by DSC analysis for the solid 
mixtures at different ratio vary from 370K (97oC) to 422K (149oC) (refer to Table 7.3, 
Series A, heating process), which are well above the temperatures used in these 
solubility experiments. Although the SCF CO2 can cause the melting point to decrease 
slightly, it is highly improbable that a 52 K depression can be achieved. Hence, liquid 
phase is not expected to be present in the systems considered. In addition, the solid 
raffinate in the extraction vessels after the extraction was visually examined and 
melting was not observed to have occurred. Similar to the 50/50 mixture, initial 
investigation on the mixed solids with 75 and 25 mass% CBU also shows solubility 
decrease. Additional studies on the effect of bed compositions at 67, 60, 40, 33 CBU 
mass% were conducted to ascertain a better understanding of the solubility decrease 
behavior of the SCF CO2-CBU-CBE system. An examination of Tables 7.1 and 7.2 
shows that there exists a clear point of demarcation at a cholesteryl butyrate mass 
fraction uX = 0.5 ~ 0.6 where distinct composition-dependent mutual solubility 
decline are seen below and above this “critical” uX . For 5.02.0 ≤≤ uX  where the 
excess solute is CBE, significant solubility diminution occurs to CBU while only a 
slight drop in tS  is found for CBE. In contrast, when 85.06.0 ≤≤ uX  for which the 
excess solute is CBU, the reverse trend is seen where significant solubility decline 
occurs to CBE. For example, at 45oC, 180bar, and 4.0=uX , the solubility (mole 
fraction) of CBE in the CBE-CBU-CO2 ternary system is 1.55×10-5; this corresponds 
to 77.5% of its binary (CO2/CBE) solubility. The solubility of CBU is 1.89×10-4, and 
it corresponds to only 37.9% of its pure component solubility. However, at 6.0=uX , 
the opposite trend is observed. The CBE solubility now is 7.96×10-6, accounting for 
 




39.8% of its pure solute solubility whereas the CBU solubility is 3.87×10-4 which 
corresponds to 77.8% of its binary case. Figure 7.5 clearly shows such dichotomous 
solubility decline behavior existing in CBE-CBU-CO2 ternary systems; the excess 





















Figure 7.5 Effect of bed composition on mutual solubility decrease at 318 K. 
 







,=       (7-2) 
The pressure dependence of selectivities of CBU to CBE for the CO2-CBU-
CBE system with 50 mass % CBU is plotted in Figure 7.6. The preference of CO2 to 
CBU in CBU/CBE mixture can be attributed to higher solubility of pure CBU than 
that of pure CBE in supercritical CO2 (see Chapter 5). As seen from Figure 7.6, the 
selectivity of SCF CO2 for CBU vs. CBE decreased with increasing pressure but 
increased with increasing temperature. The variation of such selectivity with pressure 
ranges from 7.0 to 14.0, indicating that separating a 1:1 mass ratio of CBU-CBE solid 
mixture with SCF CO2 would correspond to an extract of 87.5 ~ 93.3 mol% of pure 
 




CBU. This is an acceptable result for just one extraction step. Further purification 
using SCF CO2 should depend on how the bed composition affects the selectivity of 














































Shown in Figure 7.7 is the effect of solid mixture composition on the 
selectivities of SCF CO2 for CBU vs. CBE.  It can be observed that the selectivity is 
markedly dependent on the composition of mixed solid components. As discussed 
previously, there is a demarcation point near Xu = 0.5 ~ 0.6 that distinctly separates the 
pronounced solubility decline into two parts. Similarly, from this demarcation point, 
the quite different selectivity diverges. When uX  increases from 0.5 to 0.6, the 
selectivity of CBU vs. CBE at a given condition dramatically increases to a value 
ranging from 33.0 to 48.0. This suggests that over 97mol% of high purity CBU may 
be obtained using SCF CO2 extraction at these bed compositions. The feasibility of 
such separation technology is unexpected since the solubility decline for both solids in 
the ternary systems is observed. On the other hand, when uX  varies from 0.5 to 0.25, 
the values of selectivity, hence the separation performance, are near those at uX = 0.5. 
7.3.2 Phase studies of CBU-CBE mixture 


















Figure 7.8 TGA curves of cholesterols in Series C at heating rate of 5 K/min. 
 
 




Figure 7.8 shows typical TGA curves for three CBU-CBE mixtures of varying 
mass ratios prepared by Series C along with those for pure CBU and CBE (for the 
sake of clarity, not all curves are shown).  The TGA studies show the behavior of 
thermal decomposition of CBE-CBU solid mixture and the TGA profiles provide 
information for choosing a temperature as an upper limit for DSC phase investigation. 
Since Figure 7.8 shows that CBU starts to decompose at almost 230oC (503 K), DSC 
experiments (see below) were conducted at temperatures below 200oC (473 K) to 
avoid organic solid decomposition. 
7.3.2.2 DSC results 
A summary of the DSC results is presented in Table 7.3. As discussed 
elsewhere (Gray, 1962; Galanti and Porter, 1972; Griffen and Porter, 1973; Tai and 
Lee, 1990; Lin, et al. 1995, 1996, 2000), cholesteryl esters are liquid crystals whose 
property makes their thermal responses more complex than simple eutectic mixtures. 
It is evident from Table 7.3 that pure CBE has two mesomorphic transition 
temperatures at 422 and 451 K (based on the heating process), which correspond to 
solid-cholesteric (liquid crystal) and cholesteric-isotropic (liquid) transition 
temperature, respectively. The values agree well with those previously reported by 
Gray (1962). Similarly, based on the heating process, pure CBU exhibits a solid-
cholesteric transition temperature at 372 K and a cholesteric-isotropic transition 
temperature at 383 K, which are close to those of cholesteryl acetate (Gray, 1962).  
Along with CBE and CBU, transition temperatures of cholesterol and cholesteryl 
acetate were also determined in our study. Cholesterol exhibits normal thermal 
behavior like naphthalene. Cholesteryl acetate exhibits two mesomorphic transition 
temperatures in the heating process. However, there is only one liquid-solid transition 
 




in the cooling process and liquid crystal is not formed. The absence of a liquid crystal 
phase for cholesteryl acetate has also been reported elsewhere (Galanti and Porter, 
1972).  It is worthwhile to note that, for any cholesterol compounds – including CBU 
and CBE - a significant temperature lag in the cooling process was observed and thus 
the transition temperatures obtained are lower than those obtained from the heating 
process.  
Table 7.3 Phase transition temperatures determined with DSC analyzer* 
Samples Heating (K) Cooling (K) 
Standard     
Indium 430    427 
Tin (Sn) 507    442 
Reference      
Naphthalene 357    340 
Cholesterol 422    393 
Cholesteryl acetate 357 388   374 
Series A       
Pure CBU 370 374  383 356 379
75mass%CBU 372 375  399 358 395
67mass%CBU 372 375 388 404 362 400
60mass%CBU 372 375 390 408 365 404
50mass%CBU 372 375 397 415 371 412
40mass%CBU 372 374 401 420 375 417
33mass%CBU 371 374 405 426 380 423
25mass%CBU 371 374 411 433 385 430
Pure CBE   423 451 398 446
Series B       
Pure CBU (extracted) 372 384   361 382
Pure CBU 373 384   361 382
75mass%CBU 377     403 361 399
67mass%CBU 376 382 392 408 365 403
60mass%CBU 375 385 397 414 369 409
50mass%CBU  388 406 428 382 424
40mass%CBU  386 408 430 383 424
33mass%CBU  387 410 433 385 428
25mass%CBU  386 417 441 392 438
Pure CBE   423 453 402 450
Series C       
Pure CBU 369  381 358 377
85mass%CBU 369  392 360 388
75mass%CBU 376  400 363 396
67mass%CBU 379  405 366 402
60mass%CBU 382  406 368 403
50mass%CBU 389  416 375 413
40mass%CBU 395  423 380 420
33mass%CBU 397  426 383 423
 




25mass%CBU 404  436 391 434
15mass%CBU 410  436 393 432
10mass%CBU 413  441 393 438
Pure CBE 419   452 402 449
* Referring to the following text content for definition of transition temperatures.  
The unique optical feature of cholesteryl esters, which is a typical 
characteristic of any cholesteric-type liquid crystals, was observed here as CBE, CBU 
and their mixtures are heated and cooled. The samples placed in the transparent glass 
vials all changed colors from white to light blue (as they began to melt) and turned 
colorless (after melting). With continuing heating, the melted samples turned from 
colorless to light blue and again to colorless; this color change corresponds to a liquid 
crystal-isotropic liquid transition.   In the cooling process, these color changes were 
also observed.  The samples while cooling were seen to go through the colorless-light 
blue-colorless change at a high temperature (i.e., the isotropic liquid-cholesteric liquid 
crystal transition), followed by another similar color change at a low temperature 
while solidifying (i.e., the cholesteric liquid crystal-solid phase transition).  These 
properties render the cholesteryl esters attractive to develop thermal sensors for 
medical applications (Lin et al., 1995, 1996, 2000). 
The phase transition behaviors of the CBU/CBE solid mixture were similarly 
examined through DSC measurements. In these measurements, samples of CBU/CBE 
mixtures were heated from room temperature up to either 453K or 473K at a scanning 
rate of 5 K/minute, then held at this temperature for 10 minutes, and followed by 
cooling at 5 K/minute to room temperature. As seen from the data in Table 7.3, the 
CBE-CBU solid mixtures prepared by all three methods (series A, B and C) all show 
only two phase transition temperatures in the cooling process but samples in Series A 
and B posses multiple transition temperatures in the heating process. 
 




Cooling thermograms. Starting with transitions occurring on cooling, it was 
observed that there exist two distinct transitions in the sequence of isotropic 
liquid→cholesteric mesophase→solid phase changes. As seen from Figures 7.9 to 
7.11, such observation applies to the samples in Series A, B and C as well as the pure 
esters. The transition temperatures of solid mixtures lie between those of pure esters 
and they approached those of pure CBE as the benzoate content was increased. The 
phase diagram thus established is shown in Figure 7.12.  It can be deduced from the 
phase diagram that CBE and CBU are miscible to each other in all the composition 
either in the liquid or solid phase.  Furthermore, the two transition temperatures vary 
approximately linearly with the content of benzoate.  The results shown in Figure 7.12 
also suggest that the transition temperatures determined for samples in Series A, B, C 
are identical within experimental errors, indicating that the melted isotropic liquids, if 
miscible, exhibit the same phase transitions as they are cooled.  
 



















Figure 7.9 DSC thermo-diagrams of the CBE-CBU system: Series A (cooling). 
 
 






















Figure 7.10 DSC thermo-diagrams of the CBE-CBU system: Series B (cooling). 
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Figure 7.12 Phase diagram of CBE-CBU binary mixture (obtained from cooling T 
profiles) 



















Figure 7.13 DSC thermo-diagrams of the CBE-CBU system: Series A (heating). 
Heating thermograms. The situation for the multiple transitions obtained by heating 
is more complicated than the case for cooling. The DSC thermograms for the 
 




physically mixed CBU/CBE solids without extraction (samples in Series A) are shown 
in Figures 7.13.  The delicate dual solid-cholesteric mesophase transition over a few 
degrees (at 370 ~ 375 K) can be clearly observed for pure CBU. This may have not 
been reported previously, probably due to the small nature of the entire textural 
transition. It is observed that these dual cholesteric textural transitions (at 370 ~ 375 
K) were broadened in the presence of CBE. The solid-cholesteric transition of CBE 
appeared around 40 mass% CBE (i.e. 60 mass% CBU) for the solid mixture, and the 
cholesteric-isotropic liquid transition temperature is the highest among the observed 
transition temperatures. These solid-cholesteric and cholesteric-isotropic liquid 
transition temperatures were observed to move to higher values, approaching those of 
pure CBE, as the content of CBE increases. 
























Figure 7.14 DSC thermo-diagrams of the CBE-CBU system: Series B (heating). 
 
 




For solids (series B) that have been subjected to high pressures through SCF 
CO2 extraction, the thermal behavior of solid mixture was seen to be quite different 
from those not exposed to high pressures (series A and C), as shown Figure 7.14. For 
pure CBU, the dual cholesteric mesophase changes at 370 ~ 375K were not observed 
and there were only two transitions observed (i.e., solid-cholesteric mesophase and 
cholesteric mesophase-isotropic liquid transitions).  For solid mixtures, when the CBE 
content is below 25 mass% (i.e. > 75 mass% CBU), these two transitions were 
observed but the solid-cholesteric transition peak was broadened (with CBE serving as 
the impurity) as compared with that for pure CBU.  When the CBE content was 
increased to 33 mass%, a new third transition (marked “A” in Figure 7.14) was started 
to be observed between the two transition temperatures. With more CBE present (> 40 
mass% CBE) in the mixture, the solid-cholesteric transition of CBE started to appear; 
at the same time, the solid-cholesteric transition peak of CBU became weak and was 
no longer observed at higher CBE composition. When the CBE content exceeds 50 
mass%, three separate transitions are clearly observed. The two endothermic 
transitions observed at the higher temperatures correspond to those of pure CBE.  The 
new unexpected transition peak, as marked “A”, is possibly due to the formation of 
CBU-CBE solid solution during the SFE process, which may have been formed after 
subjecting the CBU-CBE mixed solids to the high pressure CO2.  The possible reason 
is that the molecules of CBE and CBU may have interacted strongly with each other at 
the interface of their respective crystal phases under high pressure (around 200bar) 
during the SFE process.  The interacted CBU and CBE molecules, which have similar 
molecular sizes and structures, may then reorder on the crystallographic sites of the 
interfacial region due to limited mass transfer rate and SFE processing time; this may 
 




then form the solid solution of these interacted CBU-CBE molecules at the interface 
region. 
This sort of pressure-induced phase transition is not uncommon in the field of 
materials science (Kunz, 2001). For example, ice is known to exhibit 12 crystalline 
phases at different conditions and possesses a hexagonal structure (ice Ih phase) at 
ambient pressure; however, it transforms at ca. 0.2 GPa and 200 K into a new phase 
(ice II phase) characteristic of puckered 6-membered rings of H2O that are stacked 
along the hexagonal axis to form open channels. 





















Figure 7.15 DSC thermo-diagrams of the CBE-CBU system: Series C (heating). 
 
Figure 7.15 shows the DSC thermodiagrams of the samples prepared by the 
melting method (Series C). These temperature profiles can be unambiguously 
understood as those samples observed in Series A, B and C obtained in the cooling 
process.  Two distinctly separate transitions are observed over the entire range of 
 




composition.  The phase diagram established, as shown in Figure 7.16, clearly 
displays three phase domains, i.e., solid phase, cholesteric liquid crystal phase and 
isotropic liquid phase, which are the same as those obtained in the cooling process. It 
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Figure 7.16 Phase diagram of CBE-CBU binary mixture (obtained from heating T 


















Figure 7.17 Phase diagram of CBE-CBU binary mixture (obtained from heating T 
profiles of Series A, refer to Figure 7.13): ×, CBU/CBE mixture cholesteric liquid 
crystal-isotropic liquid transition temperature; ▲, CBE solid-cholesteric liquid crystal 
transition temperature; □, pure CBU dual textual transition temperatures. 
 
 




The phase diagrams constructed with transition temperatures from heating for 
Series A and B CBU-CBE mixtures are presented in Figures 7.17-18. A comparison 
of Figure 7.16 with Figure 7.17 indicates that the phase diagrams are basically similar 
except at low temperature.  The dual cholesteric transitions characteristic of pure CBU 
are retained for the CBU/CBE solid mixture of Series A, indicating the existence of 
pure CBU in the solid mixture. And the solid-cholesteric liquid crystal and cholesteric 



















Figure 7.18 Phase diagram of CBE-CBU binary mixture (obtained from heating T 
profiles of Series B, refer to Figure 7.14): ×, CBU/CBE mixture cholesteric liquid 
crystal-isotropic liquid transition temperature; ▲, CBE solid-cholesteric liquid crystal 
transition temperature; □, marked “A” transition temperature; ■, pure CBU solid-
cholesteric liquid crystal transition temperature. 
 
In contrast, for Series B, the phase diagram appears to be quite different from 
those obtained from Series A and C solid mixtures (see Figure 7.18). As described 
above, solid solution of CBU-CBE may be formed when the sample was subjected to 
high pressure SFE process.  When CBU content varies between 60 ~ 67 mass%, four 
transitions were observed in the order of increasing temperature: solid-cholesteric 
liquid crystal phase of pure CBU, possibly formed CBU/CBE solid solution-
 




cholesteric liquid crystal phase (i.e., marked “A” transition, Figure 7.18), solid-
cholesteric liquid crystal of pure CBE, and CBU/CBE mixture cholesteric liquid 
crystal-isotropic liquid transitions.  When CBU content is below 50 mass%, the pure 
CBU solid-cholesteric liquid crystal transition was not observed any longer but the 
other three transitions retained. 
The dissimilarity in phase diagrams observed for Series B and Series A and C 
samples implies that when the solid mixtures are subjected to high pressure 
supercritical CO2 extraction, interactions between CBU and CBE molecules may have 
happened at the interfacial region of CBU-CBE solid mixture, which in turn are 
reflected with different thermal transitional behaviors.  Invariably, this may play a 
significant role in the solubility behavior of CBU/CBE/CO2 SCF system. 
To summarize, the DSC experimental results indicate that: (1) CBE and CBU 
form miscible liquid solution and solid solution, and (2) physically mixed CBU/CBE 
solids form solid solution under high pressure (120 ~ 240 bar), and this in turn affects 
the solubility behavior in SCF CO2.  In order to better understand the effect of high 
pressure SCF CO2 extraction on the behavior of CBE-CBU mixture, we investigate 
these mixtures with an X-ray diffractometer. 
7.3.2.3 X-ray diffraction result 
X-ray diffraction (XRD) was used primarily to identify structures in the pure 
and mixed crystals for samples considered in three series of A, B and C.  Starting with 
samples prepared by the melting method (Series C), the XRD patterns of Series C 
samples are shown in Figure 7.19.  It can be seen from Figure 7.19 that all the samples 
show two strong peaks around °= 182θ and these two peak values shift from those of 
pure CBU to CBE basically in a linear way.  This characteristic pattern is consistent 
 




with our previous DSC results that CBU and CBE are miscible in all range of 
composition investigated. The dissimilar XRD patterns observed for pure CBE and 
CBU (see Figure 7.19) indicate that their crystal structures are not exactly the same. 
Furthermore, the XRD patterns at diffractional angles other than °= 182θ  for the 
other samples are different from those of pure CBU or CBE.  A further analysis of the 
XRD patterns shows that, when the CBU content increases from around 50 mass%, 
some changes in the diffractional patterns are seen in the range °<<° 926 θ .  For 
example, the shoulder peak ( °= 4.72θ ) of the peak at °= 7.72θ  is clearly seen at 
equal mass of CBU-CBE.  When the CBU content increases to 67 mass%, the two 
peaks observed for CBU content < 50 mass% are seen to split into four peaks.  When 
the CBU content increases to 85 mass%, the XRD patterns are almost identical as 
those for pure CBU. 
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Figure 7.19 X-ray powder diffraction patterns of CBU/CBE solid mixture prepared by 
the melting method (Series C) at different mass ratios. 
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Figure 7.20 X-ray powder diffraction patterns of physically mixed CBU/CBE samples 
at different mass ratios (Series A). 
 
Figure 7.20 shows the XRD patterns for pure CBU, pure CBE and physically 
mixed samples of both solids without going through SFE process (Series A).  The 
results of pure CBE and CBE (Figure 7.20) are quite different from those of Series C 
(melting) (see Figure 7.19).  For example, pure CBE (Figure 7.20) has three strong 
peaks around °= 182θ  shown in the XRD pattern instead of two peaks for pure CBE 
in Series C (melting) (Figure 7.19), while pure CBU has a strong peak at °= 82θ  
(Figure 7.20) which is not seen for pure CBU prepared by the melting method (Figure 
7.19).  A probable reason may be because samples in Series A were used directly as 
 




received and there may exist some amorphous, defective crystal or impurity solids in 
the samples.  The presence of some amorphism, crystal defect or impurities may then 
affect the solid XRD patterns.  Such effect on the XRD patterns has also been seen in 
all the other samples of Series A.  The XRD patterns for the Series A mixtures (Figure 
7.20) are simply represented by a weighted average of the contribution from pure 
CBU and CBE. It is worthwhile to note that the strong peak observed at ca. °= 82θ  
applies to all the samples in Series A, except the pure CBE. 
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Figure 7.21 X-ray powder diffraction patterns of Series B samples (physically mixed 
CBU/CBE solid samples subjected to high pressure via the SCF CO2 process) at 
different mass ratios: a, pure CBU retained in the extraction vessels after extraction; b, 
pure CBU trapped in the collector. 
Figure 7.21 shows the effect of high pressure on the XRD patterns of Series B 
samples (i.e., the physically mixed solid samples subjected to high pressure through 
 




the SCF CO2 process).  It is interesting to observe that pure CBU XRD patterns 
subjected to high pressure (Figure 7.21, Series B) are almost identical with those 
prepared by the melting method (Figure 7.19, Series C). Moreover, almost the same 
patterns are observed for pure CBU trapped in the collector and that remained in the 
extraction vessels (see figure 7.21, Series B).  This may suggest that, in the process of 
high pressure SCF CO2 extraction, pure CBU solid crystal sites may reorder to reduce 
amorphism or crystal defects, similar to those prepared by the melting method. 
However, the XRD patterns of pure CBE of Series B show little change compared 
with that of Series A sample and it indicates that the CBE crystal structure might not 
be not affected by pressurization in the SFE process (see Figure 7.20 and 7.21).  An 
examination of Figure 7.21 shows the XRD patterns for the mixtures varied 
systematically with composition between those of two pure solids. When the CBU 
content increases the patterns shift to those of pure CBU whereas the patterns become 
more similar to those of pure CBE when the CBE fraction increases.  The strong peak 
noticeably observed at °= 82θ  for Series A samples disappeared after the SFE 
process; this indicates that the crystal structure of CBU may have changed and a phase 
transition may have occurred under high pressure SFE process. Furthermore, a 
comparison of the XRD patterns between Series A samples (Figure 7.20) and Series B 
samples (Figure 7.21) shows a new strong peak at ca. °= 182θ  (marked “A”) for all 
the solid mixtures (excluding pure samples) which have gone through the SCF CO2 
extraction process. For example, the mixture with 67 mass% CBE obtained by SFE 
process is observed to exhibit such a peak at °= 4.182θ , which is also seen in those 
Series C samples prepared by the melting method (Figure 7.22).  Since this unique 
XRD peak is observed only for CBU-CBE solid mixtures processed under melting or 
SFE processes, the result indicates that the physically mixed CBU-CBE solids may 
 




have formed a solid solution under high pressure SFE process.  This XRD result 
agrees with our previous DSC results. 














Figure 7.22 X-ray powder diffraction patterns of the CBE-CBU system with 67 
mass% CBE: a, in Series A; b, in Series B; c, in Series C.  
 
7.4. Conclusions 
In this chapter, we made a detailed analysis of the solubility of physically 
mixed CBU and CBE in pure supercritical carbon dioxide and we used DSC and XRD 
to characterize the thermal behavior of CBU and CBE binary mixture prepared by 
three different methods.  The main conclusions and results of this chapter can be 
summarized as follows. 
1) The solubilities of a 50:50 (mass basis) cholesteryl butyrate-cholesteryl 
benzoate (CBU-CBE) mixture in supercritical CO2 at 35, 45 and 55oC over a 
pressure of 120-240bar were measured.  It was observed that the pressure and 
temperature effects on the solubility for solid mixtures are similar to those 
observed for pure solutes. 
 




2) A pronounced solubility decrease, instead of commonly reported solubility 
enhancement, is observed for both CBU and CBE when compared with their 
respective pure counterparts. 
3) The experimental results obtained at 318.15 K show that the variation of the bed 
composition from 75 to 25wt% CBU greatly affected the decrease of solubility.  
4) A clear point of demarcation at a CBU mass fraction uX = 0.5 ~ 0.6 is found 
where distinct composition-dependent mutual solubility decline is observed at 
both sides away from this composition. When the excess solute is CBE, significant 
solubility diminution occurs to CBU while only a slight drop is found for CBE.  In 
contrast, when the excess solute is CBU, the reverse trend is seen where 
significant solubility decline occurs to CBE. 
5) DSC analysis results show that CBU and CBE could be miscible in either solid 
phase or liquid phase.  The thermal behavior of physically mixed CBU/CBE was 
found to have changed rather drastically after supercritical CO2 extraction as 
compared with those samples prepared by the melting method or without SFE. 
This suggests that CBU/CBE mixture may have been significantly affected by 
pressurization and that solid solution might have been formed at the interface 
under supercritical conditions. 
6) X-ray diffraction studies performed on CBU/CBE solid mixtures prepared by 
the melting method indicate that CBU and CBE are miscible in all range of 
composition. 
7) The XRD spectra of the physically-mixed samples after SFE process are quite 
different from those of the other two groups. This indicates that the microscopic 
 




structure of solid mixtures might have changed during the high pressure SFE 
process, with the formation of solid solution at solid interfaces. These XRD results 
are consistent with DSC results.   
 




CHAPTER 8 MODELING THE POLAR SOLID 
SOLUBILITY IN SUPERCRITICAL CO2-POLAR 
COSOLVENT MIXTURE WITH A NEW PENG-
ROBINSON EOS PLUS ASSOCAIATION MODEL 
   
8.1 Introduction 
 
The use of a polar cosolvent to enhance the solubility of polar organic 
compounds in non-polar SCF CO2 has been discussed in chapter 6.  Besides the 
cholesterol/methanol/CO2 and cholesterol/acetone/CO2 data reported, there are a 
number of reported studies of polar solids-SCF co-solvent solubility (for examples, 
Guan at al., 1999, 1998a, 1998b;  Zhong at al., 1997;  Ke at al., 1996; Koga at al. 
1996; Johannsen and Brunner, 1995; Gurdial at al., 1993; Foster at al., 1993; Ting at 
al., 1993; Ekart at al., 1993; Lemert and Johnston, 1991; Cygnarowicz at al., 1990; 
Wong and Johnston, 1986). In all these studies, it has been found that the addition of a 
small amount of polar cosolvent to supercritical CO2 can dramatically increase its 
solvating power. 
The Peng-Robinson equation of state (PR EOS) was employed to model 
solubility of polar solutes in supercritical carbon dioxide in the presence of a polar co-
solvent with some degrees of success.  The PR EOS model, however, does not 
explicitly account for the polar associating interaction between the cosolvent and the 
polar solute. This interaction is subsumed in the model parameters a  and b  through 
the temperature dependent binary parameter 23k  (see Eq. 3.7).  Because the physics of 
the strong associating interaction between the polar solute and polar cosolvent 
molecules is not properly treated in the Peng-Robinson equation, the regressed value 
for the interaction binary parameter 23k  for some CO2 (1)/polar solute (2)/polar 
 




cosolvent (3) systems may be unrealistic, i.e., large and negative.  In this chapter we 
proposed a modified Peng-Robinson equation of state that explicitly accounts for 
association between polar solute and polar cosolvents to model solute solubility.  
Instead of using a temperature-dependent 23k , the proposed Peng-Robinson plus 
association model uses two temperature independent parameters to account for 
association interactions between the solute and cosolvent. 
The basis of this proposed model is the statistical mechanical theory of 
associating fluids due to Wertheim (Wertheim, 1984a, 1984b, 1986a, 1986b) which 
has been incorporated into several equations of state models.  The statistical 
associating fluid theory (SAFT) (Chapman at al., 1989, 1990; Huang and Radosz, 
1990, 1991) based on Wertheim’s first order thermodynamic perturbation theory 
(Wertheim, 1984b), provides an equation of state for the calculation and prediction of 
phase equilibria of associating fluids.  This theory gives an expression for the 
Helmholtz energy due to association between molecules consisting of two parameters, 
namely the association strength ε  and association volume κ .  This association term 
for the Helmholtz energy has been incorporated into different versions of SAFT 
models and SAFT-augmented models (Fu and Sandler, 1995; Gil-Villega at al., 1997; 
Kontogeorgis et al., 1996; Wu and Prausnitz, 1998).  For example, a SAFT-
augmented Soave-Redlich-Kwong (SRK) EOS model was developed to model the 
properties of pure compounds and various vapor-liquid equilibrium in associating 
mixtures (Kontogeorgis et al., 1996; Voutsas et al., 1997; Voutsas et al., 1999); Wu 
and Prausnitz (1998) also proposed a model that incorporates the SAFT and electronic 
contributions to the PR EOS model to quantitatively describe high-pressure phase 
equilibria of water-methane-sodium chloride.   
 
 




To the best of our knowledge, no such effort has been directed at modeling 
solubility of polar solutes in supercritical fluids involving polar cosolvents where 
strong attractive interaction between the solute and cosolvent is found.  In this work 
we propose a SAFT-augmented PR EOS plus association equation of state to model 
the solubility of SCF CO2 (1)–aspirin (2)–cosolvent (3) systems.  The difference 
between the regular PR EOS and this model is that while the former uses a 
temperature dependent binary interaction parameter 23k  to model solute-cosolvent 
interaction, the SAFT-augmented PR EOS equation uses two temperature-independent 
parameters, i.e., association strength ε  and association volume κ . Comparison of 
predictions from these two models with experimental data will shed light on the 
strength and weakness of these approaches. 
The organization of this Chapter is the following. Section 8.2 presents the 
newly proposed PR EOS plus association model. The development and the property of 
this model are detailed. Followed by Section 8.3, we discuss the application of the 
modified PR EOS model to some solute-supercritical CO2-polar cosolvent systems. 
The summarization of our study on the new model is presented in Section 8.4. 
 
8.2 The Peng-Robinson plus association equation of state model 
The theoretical foundation for the Peng-Robinson plus association equation of 
state model is the perturbation theory of liquid state in which the molar Helmholtz 
energy of a fluid or fluid mixture can be separated into contributions from the 








mixtmixt aaaaa +=+=       (8.3) 
 




In Eq. (8.3), mixta  denotes the Helmholtz energy of the fluid mixture, 
ref
mixta  represents 
the Helmholtz energy of a non-associating reference system that accounts for 
contributions from repulsion and dispersion forces, and assocmixta  refers to the 
contribution due to specific association interaction between the polar solute and polar 
cosolvent molecules.  In this work, the PR EOS is used to model the thermodynamic 





































ln .   (8.4) 
Here, R  is the gas constant and v  is molar volume; the superscript ig  refers to ideal 
gas mixture at the system temperature, composition and volume; ma  and mb  refer to 
the Peng-Robinson EOS parameters.   
The association Helmholtz energy assocmixta  is obtained from the SAFT theory 
(Chapman et al., 1990): 




















ln      (8.5) 
where iM  is the number of association sites on molecule i .  The quantity i
AX  is the 











1        (8.6) 
with 
( ) jijiji BAijBAhsijijBA dkTdg κε 31exp  −=∆      (8.7) 
 




where∑ jB represents summation over all sites on molecule j : jA , jB , jC ,…, and 
∑
j
represents summation over all components; jiBA∆  is the association strength 
between site A  of component i  and site B  of component j ; ji BAκ  and ji BAε  
represent dimensionless association volume and an association energy between 
associating sites, respectively; the density jρ  of molecular component j  is related to 
the mixture density mixtureρ  by  
mixturejj x ρ=ρ          (8.8) 
where jx  is the mole fraction of component j  in the SCF phase.   
The contact value of the pair-correlation function of a hard sphere mixture, ( )hsijij dg , 
is given by 





























dg   (8.9) 






33 =          (8.10) 
where iib  is the characteristic size parameter of the PR EOS and AN  is Avogadro’s 
number.  Note that the diameter ( ) 2jjiiij ddd +=  and functions 3ζ  and 2ζ  are given 
as: 
∑= 33 6 ii dρπζ         (8-11a) 
∑= 22 6 ii dρπζ         (8-11b) 
With the Helmholtz energy given by Eqs. (8.3) – (8.11), the fugacity coefficient of 
solute i  in the SCF phase ,, scfiϕ  could be derived in a straightforward manner as: 
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ρφ  (8-12c) 



























ρρ    (8-13) 
where ( )22 2 bvbvRT avbv vZ PR −+−−=  is the Peng-Robinson equation of state. 
8.3 Results and discussion 
To examine the validity and accuracy of the PR EOS plus association model in 
representing the solubility of polar solutes in supercritical fluid in the presence of a 
polar cosolvent, we apply Eqs. (8-12) and (8-13) along with the classical PR EOS to 
model two solute systems where strong interactions between a polar solute and a polar 
cosolvent are believed to occur.  The two polar solutes are aspirin and naproxen.  
Alcohol and acetone are used as cosolvents. 
To model solute solubility in a carbon dioxide (1)/solute (2)/cosolvent (3) 
system using the PR EOS requires the binary interaction parameters 12k , 13k  and 
23k .  Values of 12k  are obtained from regression of solute solubility in binary carbon 
dioxide (1)/solute (2) system at a given temperature.  The interaction parameter 13k  
 




between carbon dioxide and cosolvent is obtained from binary vapor-liquid 
equilibrium data.  The remaining solute/cosolvent binary interaction parameter 23k  
was allowed to vary with temperature, resulting in one adjustable parameter per 
isotherm of solute solubility data. The optimum values were calculated by minimizing 
the AARD value for each isotherm of data.  
For the PR EOS plus association model, the parameter 23k  is set to zero.  
Instead two temperature independent associating parameters, i.e., the association 
volume ABκ  and association energy ABε  are used to capture the polar association that 
occurs between the polar solute (component 2) and cosolvent (component 3).  Values 
of ABκ  and ABε  for the solute-cosolvent pair are obtained by minimizing the AARD% 
deviation between the model and the experimental data. 
8.3.1 Aspirin-SCF CO2-polar cosolvent systems 
We first consider the solubility of aspirin in supercritical CO2 with cosolvents. 
The experimental data of Lu (2001) have been used for correlation to obtain the EOS 
parameters. To correlate the aspirin solubility in various SCF CO2-cosolvent systems 
with the PR EOS model, the interaction parameters 13k between CO2 (1) and 
cosolvent (3) are required and obtained by independently correlating Vapor-Liquid 
equilibrium data for these binary mixtures. When no VLE data exists at required 
temperature, the 13k  value was either interpolated or extrapolated from the available 
data assuming a linear relationship (refer to Table 6.3). The parameters 12k  were 
obtained by regressing the CO2-aspirin binary solubility data (Lu, 2001). The values 
of 12k at 318.15 and 328.15K used here are 0.2056 and 0.2062 respectively (Huang et 
al., 2003b). 
 




The correlated results of aspirin solubility data in several cosolvent ternary 
systems with PR EOS are shown in Table 8.1.  The regressed values of 23k  for all 
ternary systems are observed to be unrealistically large and negative.  The absolute 
values of 23k  for acetone systems are smaller than those of ethanol systems and 
methanol systems.  The unusually lager and negative values of 23k  for the alcohol 
systems indicates that the stronger associating interaction between aspirin (with two 
polar groups: -COO- and –COOH) and the alcohols is stronger than that between 
aspirin and acetone; this in turn results in higher solubility. 
Table 8.1 Correlated results with PR EOS* 
 Methanol  Ethanol  Acetone 
T (K) 23k  AARD%  23k  AARD%  23k  AARD%
318.15 -1.114 16.15  -0.906 14.32  -0.321 3.12 
328.15 -1.124 19.83  -0.973 22.87  -0.385 8.48 
Average  17.99   18.60   5.81 
* AARD% is defined as the percentage average absolute deviations 
To facilitate the application of the PR EOS plus association model to describe 
the solubility behavior of aspirin in three kinds of supercritical CO2-cosolvent 
mixtures, we assume a two-site association model (2B) for methanol and ethanol (i.e., 
one donor site and one acceptor site), and one acceptor site model for acetone. Aspirin 
polar molecule is assumed to have one association site which act as a donor site in 
alcohol systems whereas an acceptor site in acetone system. The association energies 
and association volumes of methanol and ethanol, obtained by Fu and Sandler (1995), 
were adopted here. Therefore there are only two adjustable parameters, i.e., the cross 
association energy ABκ  and the cross association volume ABε , required to represent 
 




the interactions between the aspirin molecules and the cosolvent molecules for each 
ternary system. These two association parameters for each ternary system were 
assumed temperature independent in the range of experimental temperatures. For the 
purpose of this work, 023 =k  was assumed in the regression process while retaining 
the values of 13k  and 12k  used in the PR EOS study. 
Figures 8.1-8.3 show the experimental solubility data of aspirin in three 
different cosolvent systems along with correlations by the PR EOS and PR EOS plus 
association models. It is clearly seen that these two models were to correlate the 
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Figure 8.1 Correlation of aspirin solubility in SCF CO2 with methanol as a cosolvent. 
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Figure 8.3   Correlation of aspirin solubility in SCF CO2 with acetone as a cosolvent. 
Table 8.2 shows the regressed values of ABκ  and ABε  for the aspirin and 
cosolvent system.  It is seen that the modified PR EOS is able to correlate the aspirin 
 




system rather well and performs better than the classical PR EOS for the alcohol 
systems (particularly so for methanol).  For acetone systems, this model gave only 
comparable correlation results to the PR EOS model.  
 
Table 8.2   Regressed cross association parameters between aspirin and 
cosolvent obtained using PR EOS plus association model* 
Cosolvent εAB/k κAB AARD% 
Methanol 2467 0.0837 12.5 
Ethanol 2436 0.0969 15.2 
Acetone 1663 0.0999 8.0 
*Temperature: 318.15~328.15K. 
  AARD% is defined as the percentage average absolute deviations. 
 
8.3.2 Naproxen-SCF CO2-polar cosolvent systems 
The PR EOS plus association model, along with the PR EOS model, is also 
employed to correlate the solubilities of naproxen in supercritical CO2 and a 
cosolvent.  As reported by Ting et al. (1993), the PR EOS interaction parameters 23k  
obtained by these authors are large and negative (as shown in Table 8.3) indicative of 
strong interactions between naproxen and the polar cosolvents. This is not unexpected 
since naproxen has a polar group (-COOH) that can interact strongly with the polar 
cosolvents.  
In applying the PR EOS plus association model, we assume a two-site 
association model (2B) for the alcohol (i.e., one donor site and one acceptor site), and 
one acceptor site model for acetone and ethyl acetate. The PR EOS plus association 
model used here again is able to correlate the naproxen data very accurately. Values of 
the self-association energies and volumes of methanol, ethanol, 1-propanol and 2-
propanol obtained by Huang and Radosz (1991) are used.  Marginally poorer model 
 




result is obtained using those reported by Fu and Sandler (1995).  Figure 8.4 shows 
the results obtained for naproxen using methanol as the cosolvent, and Figure 8.5 with 
2-propanol as the cosolvent. Similar performance of such model was observed for the 
other CO2-cosolvent systems. As seen in Table 8.3, the performance of the PR EOS 






























































Table 8.3 Correlated results of naproxen solubility in SCF CO2 with cosolvents* 
PR EOS model  
PR EOS + association 
model 
Ave. 
 Nt  12k  13k  23k  AARD% AARD%  
ABε  
(K) ABκ  AARD%
CO2-acetone         
318.15K 8 0.223 0.004 -0.23 2.93  2174 0.0099 14.75 
323.15K 6 0.223 0.004 -0.17 7.42 6.80     
333.15K 18 0.229 0.004 -0.19 8.32     
CO2-ethyl acetate       
333.15K 18 0.229 -0.06 -0.01 15.23  1959 0.0101 14.70 
CO2-1-propanol       
333.15K 15 0.229 0.08 -0.53 23.78  3621 0.0013 6.56 
CO2-2-propanol       
323.15K 6 0.223 0.093 -0.52 4.36  2098 0.1221 11.96 
333.15K 16 0.229 0.093 -0.55 21.13 16.10     
CO2-ethanol        
323.15K 6 0.223 0.099 -0.54 5.40  1796 0.197 13.33 
333.15K 18 0.229 0.104 -0.57 18.45 15.18     
CO2-methanol      
323.15K 7 0.223 0.066 -0.75 4.72  2003 0.1801 11.72 
333.15K 19 0.229 0.067 -0.6 15.57 12.65        
 
* 12k  for Naproxen-CO2 and 13k  between CO2, and ethyl acetate or 1-propanol or 2-propanol 
taken from Ting et al. (1993). 
Nt is the number of data points. 
 
 
The effect of 13k  on the correlation result by these two models was also 
considered. Such consideration is reasonable since the introduced 13k  is near zero, 
independently regressed from the VLE data. Thus it may not represent the real picture 
of the complex ternary systems and could not be directly used. For this reason, 013 =k  
was taken and the naproxen ternary data were regressed once again with the PR EOS 
and its modification. The results obtained are presented in Table 8.4.  Comparison of 
Tables 8.3 and 8.4 shows that with 013 =k , the model generally gives better results 
 




than the case for 013 ≠k  as discussed previously, particularly for the ethyl acetate 
system. (One exception is the acetone system where the AARD value by the PR EOS 
plus association model increased from 15% to 19%). The most likely reason is that the 
behavior of the CO2-cosolvent molecular interaction in the vapor-liquid equilibrium is 
significantly differing from that occurring in those SCF solutions.  
 
Table 8.4 Correlated results of naproxen solubility in SCF CO2 with cosolvents 
( 013 =k )* 
PREOS model PREOS +association model 
 12k  23k  AARD% 
Ave. 
AARD% ABε  (K) ABκ  AARD% 
CO2-acetone      
318.15K 0.223 -0.227 2.60  2904 0.0011 19.02 
323.15K 0.223 -0.163 7.73 6.94%    
333.15K 0.229 -0.188 8.60     
CO2-ethyl acetate      
333.15K 0.229 -0.0073 10.44  1584 0.0340 7.54 
CO2-1-propanol      
333.15K 0.229 -0.492 20.06  2683 0.0510 4.46 
CO2-2-propanol      
323.15K 0.223 -0.524 3.29  1885 0.1772 10.00 
333.15K 0.229 -0.525 17.26 13.35%    
CO2-ethanol      
323.15K 0.223 -0.539 2.58  2103 0.0993 11.09 
333.15K 0.229 -0.532 15.56 12.32%    
CO2-methanol      
323.15K 0.223 -0.748 4.75  2847 0.0060 13.83
333.15K 0.229 -0.598 16.36 13.23%         
*Self-associating energy and volume for the alcohol taken from Huang and Radosz (1991). 
 
In summary, this study shows that the PR EOS plus association model is able 
to correlate the solubility of polar solutes in a cosolvent better than the classical PR 
EOS theory for systems with strong specific association interactions between the 
solute and the cosolvent such as alcohol. 
 
 






A new association-augmented PR EOS plus association model was fully 
developed in our study. It was initially applied to model certain polar cosolvent 
ternary systems where 23k between the polar solute and polar cosolvent is negative if 
the PR EOS was used. This model, compared with the classical PR EOS model, was 
found to generally have better performance, especially for alcohol systems.  Our 
future work will be extending this model to other ternary supercritical systems. 
 
 




CHAPTER 9 APPLICATION OF THE PERTURBED 
LENNARD -JONES CHAIN EQUATION OF STATE 
(PLJC EOS) TO SOLUTE SOLUBILITY IN 




Equation of state is a valuable tool in the calculation of thermodynamic 
properties, phase equilibrium, and solubility in supercritical fluids.  Recent advances 
in equation of state theory have led to the development of several theoretically based 
models based on statistical thermodynamic theory of liquid state.  These theoretical 
models attempt to model the contributions of repulsion, dispersive attraction, and 
specific associating forces to the Helmholtz free energy of fluids and fluid mixtures at 
different levels of approximations.  A recent review of these and the more traditional 
cubic equation of state models can be found in Wei and Sadus (2000). 
Cubic equations of state have been most frequently used to correlate solute 
solubility in supercritical fluids.  Although reasonably good agreement between model 
calculations and experimental data is observed (typically less than 10%) for some 
systems, large deviations (> 20%) are found for others.  This large discrepancy can be 
partly attributed to the fact that critical properties of the solute, which are generally 
not available and must be estimated through group contribution methods, are not 
known accurately and results in the poor performance of the cubic equation of state 
models.   
Unlike the cubic equation of state, relatively little attention has been directed 
to applying the theoretically based equations of state to model solute solubility in 
supercritical fluids.  These equations have the advantages that their model parameters 
possess physical significance (e.g., molecular size, molecular energy, chain length, 
 




etc.) and that for classes of chemical compounds, these parameters follow certain 
systematic predictable trends (Chiew et al., 1999). 
The simplest way to incorporate theoretical concepts of statistical mechanics 
into cubic equation of state is to replace the repulsive term or both the repulsive and 
attractive terms in a cubic equation by corresponding results borrowed from liquid 
state theory.  For example, a Carnahan-Starling-van der Waals (CSVDW) model was 
obtained by replacing the repulsive part of the van der Waals cubic equations with the 
Carnahan-Starling hard sphere equation. The CSVDW model was found to estimate 
nonvolatile solid/supercritical CO2/ ethylene systems quite well (Johnston and Eckert, 
1981). Later, a hard sphere van der Waals (HSVDW) model (Boublik, 1970; Mansoori 
et al., 1971) was used to correlate the solubility of nonpolar solutes with an AARD of 
16% for 44 isotherms in ethylene and CO2 (Wong et al., 1985) and was also employed 
to model cosolvent effects on the solubilities.  This model performed well for 6 
nonpolar cosolvent systems with an AARD of 13% (Dobbs et al., 1986) and less 
satisfactory results were obtained for 11 polar cosolvent systems with an AARD of 
33% (Dobbs et al., 1987). To consider the influence of molecular clustering on solute 
solubility, an augmented van der Waals (AVDW) model was developed (Johnston et 
al. 1982). They incorporated a second-order perturbation term to the HSVDW model 
and used it to correlate five nonpolar hydrocarbons in ethylene and CO2 to within 
10%. To combine with a density-dependent local composition mixing rules, the 
AVDW model was successfully used to predict 23 binary supercritical solubilities 
with an AARD of 16% for ethylene systems and 18% for CO2 systems, and 5 ternary 
supercritical solubilities with errors ranging from 7.0% to 23.0% (Johnston et al., 
1987; Kim and Johnston, 1987).  
 




Further, other non-cubic equations such as those that are based on the 
Kirkwood-Buff solution theory and the lattice model were exploited too for modeling 
supercritical solubility data and gave comparable results to cubic equation models 
(Pfund et al., 1988; Kumar et al., 1987) 
In addition to the models described above which incorporate statistical 
thermodynamic concepts into cubic equations of state, several molecular based models 
that are formulated based on the perturbation theory of liquid state physics have been 
proposed. An example is the Perturbed Hard-Chain Theory (PHCT) which when 
applied to supercritical solutions gives errors ranging from 4% to 50% for binary 
systems of naphthalene and anthracene in supercritical CO2, ethylene, and ethane 
(Mart et al, 1986).  The perturbed anisotropic chain theory (PACT), a variation of the 
PHCT, was used to model acridine solubility in supercritical CO2 with 5% methanol 
cosolvent. The resulting average absolute deviation is 30% (Walsh et al., 1987). 
Further, the statistical associating fluid theory (SAFT) has been applied to several 
polynuclear aromatic hydrocarbons in supercritical ethylene and ethane (Economou et 
al., 1992). The SAFT calculations are shown to be in good agreement with the 
experimental solubilities for naphthalene, phenanthrene and pyrene.  In a more recent 
work (Zhong and Yang, 2002), the SAFT model was evaluated for modeling the 
solute solubility for 20 selected supercritical binary systems. The results show that the 
SAFT approach can be used to model solid-supercritical fluid equilibria but its 
performance also depends on the used mixing rules with an AARD of 22.5%, 14.2% 
and 8.9% for one-parameter mixing rules, two-parameter mixing rules and three-
parameter mixing rules, respectively (Johnston et al., 1989). 
In this study, a recently developed molecular based thermodynamic equation 
of state is used to model solute solubility in supercritical carbon dioxide.  The PLJC 
 




equation of state is based on a first-order perturbation theory for Lennard-Jones chains 
developed by O’Lenick and Chiew (1995) and von Solms et al. (1999).  In this theory, 
it is assumed that a Lennard-Jones chain molecule is composed of a series of freely-
jointed tangent segments that interacts via the Lennard-Jones potential 
( ) ( ) ( ){ }612 //4 rrru σσε −= .  The model is characterized by three independent 
parameters, namely, the number of segments per chain molecule m , segmental energy 
ε , and segmental size σ ; it accounts for chain connectivity, repulsion and attraction 
between chain segments.  The PLJC EOS approach has been successfully used to 
model the VLE behavior of a great number of pure substances (Chiew et al., 1999; 
Chiew et al. 2000) including normal alkanes, cyclic alkanes, branched alkanes, 
alkenes, aromatics and chlorinated hydrocarbons, even for several polymer liquids. 
Based on these parameters, the PLJC EOS has also been used to model several binary 
and ternary systems, including a number of polymer mixtures, by simply introducing a 
binary parameter ijk  (Lee et al., 2000, 2001). 
The objective of this work is to further extend PLJC equation of state to 
supercritical fluids. To achieve this goal, the original three characteristic parameters of 
pure supercritical solvents were re-evaluated by taking into account the PVT data in 
the supercritical region. The PVT data for carbon dioxide are usually available in the 
literature. Using these newly evaluated parameters for pure supercritical solvents, we 
predict the solubility behavior of a large number of solid compounds in supercritical 
carbon dioxide with the PLJC equation of state model.  It should be emphasized that 
the three characteristic parameters of solids, taken as adjustable variables, are obtained 
by regressing against the solubility data over a wide range of pressure and temperature 
without introducing any binary interaction parameters (Huang et al., 2004).  
 




This Chapter is organized as follows. Section 9.2 presents the details of PLJC 
EOS model applied to mixture systems. The fugacity coefficient scfiϕ used to correlate 
the solubilities of solids in supercritical solvents is derived based on PLJC model. 
Section 9.3 presents the modeling results for the 39 solute-supercritical CO2 systems. 
Section 9.4 draws the conclusion of the PLJC equation of state modeling work. 
 
9.2 PLJC equation of state for mixtures  
 
Chiew et al. (1999) developed the so-called Perturbed Lennard-Jones Chain 
(PLJC) equation of state for pure fluids. The equation of state model uses the hard-
sphere chain as reference and utilizes the interchain segment-segment correlation 
function of hard-sphere chains to calculate the attractive contribution to the Helmholtz 
free energy.  von Solms et al. (1999) extended the PLJC theory to model mixtures of 
Lennard-Jones chains.  More recently, Lee et al. (2000) applied the mixture PLJC 
equation of state to model real binary and ternary fluid mixtures. 
In this theoretical treatment, we consider a mixture consisting of CN  number 
of fully flexible homonuclear Lennard-Jones chain molecules, whereby each molecule 
of component i  is made up of im  fully flexible identical segments that are 
characterized by the segment size iiσ  and segment energy iiε . The total residual 















cmixt +=),,(       (9.1a) 
where k is the Boltzmann constant. The residual Helmholtz energy for the hard-sphere 
chain reference fluid mixture is defined as: 
 






























































i dmm ρπζρρρρρρ 6,,, ; ciρ and iρ denote the 
number densities of component i  chains and chain segments, respectively.  The 
quantity iid  is the diameter of the hard-sphere segment and is represented by the 






















ε  (9.2) 
The perturbation (attractive) term to the Helmholtz energy was derived using a 



































επρ    (9.1c) 
Here, ix  represents the chain fraction of component i  chains and 
*T  is a 
dimensionless temperature defined as 11




I were determined and shown to follow the analytical expressions: 
2
32310 )()()( ζζ iiiA mamamaI ii ++=       (9.3a) 
2
32310 )()()( ζζ iiiB mbmbmbI ii ++=       (9.3b) 
where the coefficients ( )ik ma  and ( )ik mb  ( )2,1,0=k are functions of segment number 
im .  The coefficients are well represented by  
( ) ( ) ( )iii mmma +−−= 4571.0/0755.12216957.00     (9.4a) 
( ) ( ) ( )iii mmma ++−= 4571.0/0385.12618.21     (9.4b) 
 




( ) ( ) ( )iii mmma +−= 4571.0/55411.047.12      (9.4c) 
( ) ii mmb /4213.003171.00 +=       (9.5a) 
( ) ii mmb /0987.066264.01 +=       (9.5b) 
( ) 7866.12 =imb        (9.5c) 































    (9.6c) 
where ijk  is an adjustable parameter that can be determined by regressing the model 
against experimental data. 















== ρρρ      (9.7a) 
where 
( ) ( ) ( )








































































































ρ  (9.7c) 
with  
( ) ( ) ( ) 2210 32 ηη iiiA mamamaJ ii ++=      (9.8a) 
 




















+=      (9.8c) 
The partial fugacity coefficient scfiϕ for component i  in the supercritical phase 
















ϕ      (9.9a) 




mixt  into the above equation, 
( ) ( ) ( ) ( )
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  (9.9b) 
where  
j
iiicij dmρπϑ 6=        (9.10a) 
 ( )33231' 2)()( ijijAT mamaIn jj ϑζϑ +=      (9.10b) 
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9.3 Results and discussion 
9.3.1 Supercritical solvent   
 
In an attempt to extend the PLJC equation of state to supercritical fluids, the 
original three PLJC characteristic parameters m , σ , and k/ε  of carbon dioxide and 
other supercritical solvents are re-evaluated.  In previous work, the three PLJC model 
parameters were obtained from vapor liquid equilibrium data, i.e., vapor pressure and 
saturated liquid density data.  Since we are interested in modeling supercritical 
systems, we re-evaluate these three parameters by considering supercritical PVT data 
and some near-critical two-phase vapor-liquid equilibrium data. The regression was 
achieved by minimizing deviation between the calculated with the experimental 
volume.  
 
Table 9.1 Newly-obtained PLJC parameters of supercritical solvents 
Critical parametersSupercritical 
solvents 
cT  (K) cP  (bar)
T (K) Pressure (bar) 
Data 
points m 
σ       
(×10-10m) ε/k (K) %AARD  
Argon 150.86 48.979 140~350 31~450 444a 1.008 3.327 117.91 5.85 
Ethylene 282.65 50.76 272~353 40~300 232b 1.113 4.030 208.57 2.89 
CO2  304.21 73.825 280~400 60~500 172c 1.078 3.619 229.68 4.91 
Methane 190.555 45.95 177~360 30~450 348d 1.066 3.678 145.42 2.80 
Nitrogen 126.20 34.00 115 ~400 20~400 345e 1.047 3.569 97.40 2.78 
 
a: Angus and Armstrong, 1971; b: Angus et al., 1972.; c: Angus et al., 1976a; d: Angus, et al., 1976b; e: 
Angus et al., 1979.  
 




Table 9.1 presents the newly obtained PLJC parameters for carbon dioxide and 
4 other pure supercritical fluids. These modified parameters are different from those 
obtained with only VLE data. For example, the original parameters, i.e., the segment 
number m, segment size σ and segment energy ε/k, for carbon dioxide are 3.7676, 
2.3036 and 133.5771, respectively (Chiew et al., 1999). In contrast, the modified 




















Figure 9.1 Supercritical fluid behavior of CO2 and correlation with PLJC EOS model. 
 
As clearly seen in Figure 9.1, the PLJC equation of state, with the newly 
regressed parameters, can represent the supercritical behavior and vapor-liquid 
equilibrium of carbon dioxide very well. 
 
 




9.3.2 Binary solid-CO2 systems.  
The PLJC equation of state was applied to model the solubility of various 
solid/supercritical CO2 binary systems by minimizing the percent average absolute 
relative deviation (AARD%) between the calculated and experimental solubility data. 
In the minimization regression process, the three characteristic parameters of the 
solute (i.e., m , σ , and k/ε ) are regarded as adjustable variables. This regression 
strategy circumvents the introduction of any binary molecular interaction parameter, 
i.e., ijk  = 0. 
As shown in Eq. (2.3c), the solid molar volume and sublimation vapor 
pressures of solutes at experimental temperatures are required for the equations of 
state. These two physical properties, along with the literature sources, are presented in 
Table 9.2. In this study, we only consider those systems with easily accessible 
sublimation pressures. These sublimation pressure data are represented in a general 
mathematical form as shown in Table 9.2. Experimentally determined data are only 
available for non-polar compounds and a few polar compounds, as shown in Table 
9.2. For the 25 high-molecular-weight polar species, the vapor pressures at different 
temperatures are estimated by using the group contribution methods reported in the 
literature.  
Table 9.3 displays the experimental temperature and pressure ranges for the 39 
binary solute-supercritical CO2 systems used in this work. As can be observed, the 
investigated systems consist of highly asymmetric mixtures containing various 
organic solutes such as non-polar polynuclear aromatics, polar high-molecular-weight 
acids, alcohols, esters and chlorinated hydrocarbons.  Also included in Table 9.3 is the 
number of data points used in our correlation.  It is noted that the experimental data 
 




cover a wide range of temperature and pressure in the supercritical fluid region, as 
shown in Table 9.3. 
 
Table 9.2 Molar volume and sublimation pressure of 39 solids consideredf. 
Vapor pressure (pa) 
 LogPs=A - B/T Molar volume 
No. Solids A B  Ref (cm3/mole) Ref 
1 Acridine 13.721 4740.10 LR1 178.0 LR1 
2 2-aminofluorene 14.865 5469.00 LR1 153.0 LR1 
3 Anthracene 12.146 4397.60 LR2 142.6 LR2 
4 9,10-anthraquinone 14.049 5618.97 LR4* 145.2 LR4* 
5 Aspirin 14.519 4795.59 LR5* 129.6 LR5* 
6 Benzoic acid 14.408 4618.10 LR1 96.5 LR1 
7 Caffeine 15.031 5781.02 LR6* 145.6 LR9* 
8 β-carotene 27.202 10726.19 LR8* 536.8 LR8* 
9 Capsaicin 18.119 9005.85 LR10* 262.4 LR9* 
10 Cholesterol 15.043 5181.45 LR12* 371.6 LR12* 
11 Cholesteryl acetate 15.563 5472.96 LR12* 403.2 LR12* 
12 Cholesteryl benzoate 15.320 5562.69 LR12* 450.1 LR12* 
13 Cholesteryl butyrate 15.257 5455.57 LR12* 433.0 LR12* 
14 DDT 13.786 5382.20 LR3 221.6 LR16* 
15 1,10-decanediol 20.909 7221.76 LR13* 158.4 LR13 
16 4,4'-Dichlorobiphenyl 15.591 5417.90 LR14* 155.0 LR14* 
17 2,3-dimethylnaphthalene  14.065 4302.50 LR2 154.7 LR2 
18 2,6-dimethylnaphthalene  14.417 4415.89 LR2 154.7 LR2 
19 2,7-dimethylnaphthalene  14.464 4386.73 LR15* 154.7 LR2* 
20 Fluorene 14.205 4561.80 LR2 139.3 LR2 
21 2,2',3,3',4,4'-Hexaclorobiphenyl 15.241 5569.99 LR14* 204.0 LR14* 
22 Hexachloroethane 10.636 2603.00 LR2 113.2 LR2 
23 Hexamethylbenzene 14.050 4419.14 LR2 152.7 LR2 
24 m-HBA 12.449 4839.21 LR17* 94.0 LR17* 
25 o-HBA 14.796 4913.52 LR17* 95.7 LR17* 
26 p-HBA 11.525 4577.64 LR17* 92.4 LR17* 
27 1,4-Naphthaquinone 14.735 4739.40 LR1 111.0 LR1 
28 1-naphtol 10.683 3148.88 LR18 118.0 LR1* 
29 2-naphthol 14.815 4923.90 LR1 118.0 LR1 
30 Naproxen 15.281 5560.50 LR19* 178.3 LR19* 
31 Octacosane 34.461 12834.43 LR20* 489.4 LR20* 
32 Oleic acid  11.935 4368.84 LR18* 277.8 LR9* 
33 Penicillin G 20.318 8385.32 LR21* 226.1 LR21* 
34 Phenanthrene 14.631 4873.40 LR2 167.6 LR2 
35 Progesterone 16.903 6086.13 LR22* 281.7 LR22* 
36 Pyrene 13.395 4904.00 LR2 159.1 LR2 
37 Testosterone 16.213 6117.07 LR22* 256.6 LR22* 
38 2,3'4',5-tetrachlorobiphenyl 15.217 5498.54 LR14* 180.0 LR14* 
39 Theobromine 20.223 9005.05 LR6* 125.7 LR9* 
 
f Literature sources: LR1: Schmitt and Reid, 1986; LR2: Ziger and Eckert, 1983; LR3: Rothman, 1980; 
LR4: Coutsikos et al., 1997b; LR5: Huang et al., 2003a; LR6: Li et al., 1991; LR7: Johannsen and 
Brunner, 1994; LR8: Cygnarowicz et al., 1990; LR9: Lyman et al., 1982; LR10: Škerget and Knez, 
1997; LR11: Škerget et al., 1995; LR12: Huang et al., 2003b; LR13: Pennisi and Chimowitz, 1986; 
LR14: Yu et al., 1995; LR15: Iwai et al., 1993; LR16: Macnaughton and Foster, 1994; LR17: Lucien 
 




and Foster, 1998; LR18: Lide (editor-in-chief), 1998-1999; LR19: Ting et al., 1993; LR20: Garnier et 
al., 1999; LR21: Gordillo  et al., 1999; LR22: Kosal et al., 1992.LR23: Anitescu and Tavlarides, 
1997;LR24: Kurnik et al., 1981; LR25: Yun et al., 1991; LR26: Klincewicz and Reid, 1984; LR27: 
Johnston et al., 1982; LR28: Gurdial and Foster, 1991; LR29: Lucien and Foster, 1996; LR30: Tan and 
Weng, 1987; LR31: McHugh et al., 1984. LR32: Kosal and Holder, 1987; LR33: Barrick et al., 1987; 
LR34: Hang and Peng, 1993; LR35: Reid et al., 1987; LR36: Araújo and Meireles, 2000. 
*estimated by using group contribution methods 
 
Table 9.3 Temperature and pressure range for the 39 solute/supercritical CO2 systemsf. 
Temperature range Pressure range
No. Solid (oC)  (bar) 
Data 
points  Ref 
1 Acridine 35~70 101.6~364.11 22 LR1 
2 2-aminofluorene 45~70 116.0~364.0 12 LR1 
3 Anthracene 45~60 118.1~355.9 90 LR23 
4 9,10-anthraquinone 35~45 84.1~306.3 17 LR4 
5 Aspirin 35~55 120.0-250.0 24 LR5 
6 Benzoic acid 35~70 101.0~364.1 55 LR1, LR24 
7 Caffeine 40~95 80.0~298.0 49 LR6, LR7 
8 β-carotene 40~70 212.0~439.0 16 LR8 
9 Capsaicin 25~60 74.5~364.7 26 LR11 
10 Cholesterol 40~60 100.0~250.0 24 LR12, LR25 
11 Cholesteryl acetate 35~55 90.0~240.0 24 LR12 
12 Cholesteryl benzoate 35~55 120.0~270.0 20 LR12 
13 Cholesteryl butyrate 35~55 100.0~240.0 20 LR12 
14 DDT 40~60 104.4~207.9 18 LR16 
15 1,10-decanediol 45~55 133.7~307.3 15 LR13 
16 4,4'-Dichlorobiphenyl 40~50 98.9~380.3 17 LR14 
17 2,3-dimethylnaphthalene  35~55 99.0~280.0 15 LR24 
18 2,6-dimethylnaphthalene  35~55 79.0~280.0 23 LR15, LR24 
19 2,7-dimethylnaphthalene  35~55 88.0~249.0 10 LR15 
20 Fluorene 35~70 83.7~483.4 22 LR27 
21 2,2',3,3',4,4'-Hexaclorobiphenyl 40~50 153.5~490.5 10 LR14 
22 Hexachloroethane 35~55 99.0~280.0 15 LR24 
23 Hexamethylbenzene 50~70 76.8~483.5 19 LR27 
24 m-HBA 45~55 101.3~202.6 12 LR17 
25 o-HBA 35~55 81.1~202.6 38 LR28, LR29 
26 p-HBA 45~55 101.3~202.6 12 LR29 
27 1,4-Naphthaquinone 45~70 100.8~364.0 18 LR1 
28 1-naphtol 35~55 91.0~170.0 18 LR30 
29 2-naphthol 35~70 91.0~363.6 45 LR1, LR30 
30 Naproxen 40~60 89.6~193.1 18 LR19 
31 Octacosane 34.7~52.0 117.5~279.9 45 LR31 
32 Oleic acid  30~50 105.5~279.0 20 LR15 
33 Penicillin G 35~55 100.0~350.0 18 LR21 
34 Phenanthrene 40~60 107.1~350.0 86 LR23 
35 Progesterone 35~55 87.0~242.9 36 LR22 
36 Pyrene 40~60 107.0~350.0 96 LR23 
37 Testosterone 35~55 104.7~243.6 36 LR22 
38 2,3'4',5-tetrachlorobiphenyl 35~50 94.3~454.1 25 LR24 
39 Theobromine 60~90 100.0~300.0 33 LR6, LR7 
f the literature resources are given in Table 9.3.  
 
 




Table 9.4 PLJC EOS model correlation results for 39 solids by fitting solubility data 
in supercritical CO2 and comparison with the PR EOS resultsf. 
PR EOS results  PLJC EOS results 
No.    Solids T (oC) K12 AARD% Ref  m σ(×10-10m) ε/k (K) AARD% 
1 Acridine 35 0.0489 10.93 12.22 this work  2.01 5.66 449.3 14.56
  45 0.0785 9.66      
  55 0.0769 14.62    
  70 0.0755 13.86    
2 2-aminofluorene 45 0.0905 19.57 16.56 this work  1.21 6.25 634.9 18.98
  55 0.0724 16.05    
  70 0.0631 14.06    
3 Anthracene 40 0.1211 11.65 8.83 this work  1.10 6.64 530.2 14.17
  50 0.1008 9.89    
  60 0.0957 4.94    
4 9,10-anthraquinone 35 0.0997 7.24 11.18 this work  1.61 6.00 599.0 19.25
  45 0.0885 14.68    
5 Aspirin 35 0.2088 2.24 5.96 LR5  6.01 3.51 232.9 10.44
  45 0.2056 8.19    
  55 0.2062 7.45    
6 Benzoic acid 35 0.0227 18.35 17.89 this work  1.20 6.23 571.4 23.43
  45 0.0115 17.85    
  55 -0.0006 19.19    
  65 -0.0168 4.68    
  70 -0.0055 23.67    
7 Caffeine 40 0.0977 11.60 18.26 this work  1.84 6.12 548.8 24.09
  60 0.0974 15.80    
  80 0.0845 19.61    
  95 0.1043 36.08    
8 β-carotene 40 -0.0731 41.26 23.61 this work  1.46 6.80 349.6 34.05
  60 0.0078 16.68    
  70 -0.0194 18.47    
9 Capsaicin 25 0.0238 35.39 51.89 this work  1.19 9.50 709.0 39.08
  40 0.0110 58.20    
  60 -0.0039 57.76    
10 Cholesterol 40 0.4836 8.16 25.26 LR12  32.47 1.86 67.5 15.81
  45 0.4899 15.44    
  50 0.4958 43.47    
  60 0.5162 37.66    
11 Cholesteryl acetate 35 0.4042 17.13 20.88 LR12  9.38 3.49 195.7 9.67
  45 0.4136 15.80    
  55 0.4136 31.71    
12 Cholesteryl benzoate 35 0.5190 9.85 17.45 LR12  35.43 1.81 65.7 17.24
  45 0.5280 13.17    
  55 0.5412 28.71    
13 Cholesteryl butyrate 35 0.4255 16.27 15.58 LR12  43.96 1.89 69.1 9.85
  45 0.4344 16.68    
  55 0.4458 13.48    
14 DDT 40 0.1097 6.97 7.48 LR16  1.31 7.99 478.3 24.95
  50 0.1100 7.75    
  60 0.1054 4.65    
15 1,10-decanediol 45 0.1465 0.84 5.02 this work  2.01 5.80 444.6 10.06
  50 0.1432 3.63    
  55 0.1433 8.50    
16 4,4'-Dichlorobiphenyl 40 0.0605 17.60 20.85 LR14  1.08 7.12 547.2 14.60
  50 0.0582 24.50    
17 2,3-dimethylnaphthalene  35 0.0877 3.36 5.75 this work  4.40 4.21 284.4 14.90
  45 0.0910 9.59    
  55 0.0965 4.31    
18 2,6-dimethylnaphthalene  35 0.0993 4.50 4.70 this work  1.17 6.51 477.1 15.06
  45 0.0959 3.20    
  55 0.0980 6.50    
19 2,7-dimethylnaphthalene  35 0.1002 9.07 12.32 this work  1.10 6.69 485.1 24.98
  55 0.0996 15.57    
20 Fluorene 35 0.0080 7.92 7.72 this work  3.30 4.63 349.6 27.40
  50 0.0077 8.18    
  70 0.0019 7.11    
21 2,2',3,3',4,4'-Hexaclorobiphenyl 40 0.1925 23.62 24.45 this work  1.13 6.68 540.0 10.88
  50 0.1904 25.27    
22 Hexachloroethane 35 0.1777 3.46 5.32 this work  1.23 5.54 438.6 23.39
  45 0.1717 6.35    
  55 0.1614 6.15    
23 Hexamethylbenzene 50 0.2160 37.45 45.87 this work  1.02 6.48 445.8 10.91
 




  70 0.2222 53.45    
2 m-HBA 45 0.0460 20.77 18.23 this work  1.03 7.19 472.4 14.24
  55 0.0189 15.69    
25 o-HBA 35 0.0661 30.53 26.59 this work  1.51 6.05 453.2 20.55
  40 0.0588 27.54    
  45 0.0460 21.50    
  55 0.0367 22.06    
26 p-HBA 45 0.0442 19.46 16.19 this work  1.16 7.00 449.1 16.05
  55 0.0212 12.92    
27 1,4-Naphthaquinone 45 0.1375 22.53 23.79 this work  1.31 6.08 561.3 31.42
  55 0.1418 24.16    
  70 0.1411 24.68    
28 1-naphthol 35 0.1989 7.74 9.16 this work  1.18 6.89 371.8 14.80
  45 0.1851 9.64    
  55 0.1672 10.11    
29 2-naphthol 35 0.0713 30.96 38.14 this work  1.03 6.93 523.9 32.80
  45 0.0650 41.83    
  55 0.0613 44.86    
  70 0.0702 32.68    
30 Naproxen 40 0.2230 13.90 12.33 LR19  8.12 3.56 206.7 16.29
  50 0.2230 13.70    
  60 0.2290 9.40    
31 Octacosane 34.7 0.0012 64.65 67.82 this work  31.70 3.00 137.0 18.45
  45.4 0.0274 66.20    
  50.2 0.0341 71.68    
  52.0 0.0354 68.76    
32 Oleic acid  30 0.2551 53.59 64.23 this work  26.36 1.69 79.7 16.00
  40 0.2442 75.74    
  50 0.2626 58.04    
33 Penicillin G 35 0.1392 16.49 12.88 this work  5.92 4.60 350.1 6.27
  45 0.1308 8.81    
  55 0.1230 14.35    
34 Phenanthrene 40 0.0834 4.77 5.26 this work  4.17 4.30 325.1 12.84
  50 0.0835 4.82    
  60 0.0862 6.15    
35 Progesterone 35 0.1233 61.47 66.12 this work  54.36 1.53 60.0 13.46
  40 0.1363 68.39    
  45 0.1481 63.17    
  55 0.2194 71.46    
36 Pyrene 40 0.0907 25.33 18.55 this work  2.23 5.49 449.9 10.88
  50 0.0900 17.74    
  60 0.0880 12.57    
37 Testosterone 35 0.1415 49.23 53.03 this work  28.36 1.92 102.6 18.91
  40 0.1365 57.16    
  45 0.1799 67.55    
  55 0.1575 38.20    
38 2,3'4',5-tetrachlorobiphenyl 35 0.0881 8.90 18.16 LR24  1.19 7.30 524.8 20.87
  40 0.0772 25.30    
  50 0.0760 15.30    
39 Theobromine 40 0.0459 4.50 37.59 this work  26.97 2.37 165.0 31.92
  60 0.0512 42.18    
  80 0.0621 49.08    
  95 0.0761 43.03      
 Overall average AARD%   22.39    18.55
 
f the literature resources are given in Table 9.3.  
 
Table 9.4 displays the goodness of fit of the PLJC equation of state to the 
solubility data for 39 binary solute-supercritical fluid systems.  Judging from the 
AARD% values, the PLJC equation of state is able to produce good correlations for 
most of the systems considered. An examination of the table indicates that most of the 
 




AARD% varies from 10 to 30 (for 28 systems), which are commonly found for most 
cubic equations of state models like the PR EOS model.   
 
Table 9.5 Used critical temperature and pressure and acentric factor for 39 
solids required by the PR EOS modelf. 
Critical parameter 
Tc Pc Acentric factor 
No. Solids (K) (bar) Ref   Ref 
1 Acridine 891.1 32.50 LR26* 0.378 LR34* 
2 2-aminofluorene 890.0 33.80 LR26* 0.501 LR34* 
3 Anthracene 869.3 31.24 LR32 0.353 LR32 
4 9,10-anthraquinone 900.6 33.72 LR4* 0.735 LR4* 
5 Aspirin 762.9 32.75 LR5* 0.817 LR5* 
6 Benzoic acid 752.0 45.60 LR13 0.620 LR13 
7 Caffeine 904.9 30.13 LR26* 0.810 LR34* 
8 β-carotene 647.9 15.20 LR8* 0.411 LR8* 
9 Capsaicin 1062.1 17.13 LR10* 1.185 LR10* 
10 Cholesterol 1168.2 41.55 LR12* 0.950 LR12* 
11 Cholesteryl acetate 1185.7 36.87 LR12* 0.883 LR12* 
12 Cholesteryl benzoate 1350.7 38.17 LR12* 0.944 LR12* 
13 Cholesteryl butyrate 1234.2 34.09 LR12* 0.955 LR12* 
14 DDT 1097.0 22.90 LR16* 0.354 LR16* 
15 1,10-decanediol 720.4 23.70 LR13* 1.325 LR13* 
16 4,4'-Dichlorobiphenyl 847.5 30.50 LR14* 0.453 LR14* 
17 2,3-dimethylnaphthalene  770.6 29.10 LR15* 0.420 LR15* 
18 2,6-dimethylnaphthalene  770.6 29.10 LR15* 0.420 LR15* 
19 2,7-dimethylnaphthalene  771.0 29.10 LR15* 0.420 LR15* 
20 Fluorene 760.0 27.46 LR26* 0.338 LR34* 
21 2,2',3,3',4,4'-Hexaclorobiphenyl 889.0 24.52 LR14* 0.716 LR14* 
22 Hexachloroethane 660.9 34.55 LR26* 0.529 LR35* 
23 Hexamethylbenzene 760.9 26.70 LR26* 0.526 LR34* 
24 m-HBA 739.0 51.80 LR29* 0.832 LR29* 
25 o-HBA 739.0 51.80 LR29* 0.832 LR29* 
26 p-HBA 739.0 51.80 LR29* 0.832 LR29* 
27 1,4-Naphthaquinone 877.5 40.67 LR4* 0.572 LR4 
28 1-naphtol 818.4 44.32 LR26* 0.487 LR34* 
29 2-naphthol 814.8 44.32 LR26* 0.487 LR34* 
30 Naproxen 807.0 24.20 LR19* 0.904 LR19* 
31 Octacosane 840.0 6.70 LR26* 1.164 LR34* 
32 Oleic acid  796.3 12.42 LR36* 0.925 LR36* 
33 Penicillin G 902.8 23.55 LR21* 1.325 LR21* 
34 Phenanthrene 882.6 31.71 LR32 0.330 LR32 
35 Progesterone 932.3 15.46 LR22* 0.434 LR22* 
36 Pyrene 938.2 26.00 LR33 0.344 LR33 
37 Testosterone 938.5 20.06 LR22* 0.596 LR22* 
38 2,3'4',5-tetrachlorobiphenyl 878.0 27.16 LR14* 0.562 LR14* 
39 Theobromine 1080.0 32.47  LR26* 0.772 LR34* 
 
f the literature resources are given in Table 9.3.  
*estimated by using group contribution methods 
 




To compare the performance of the PLJC EOS with the PR EOS (with one-
parameter mixing rule), the tabulated 39 binary systems were also correlated by using 
the PR EOS model.  The critical temperature, critical pressure and acentric factor of 
the 39 solutes, which are required by performing the PR EOS correlation as addresses 
previously, are shown in Table 9.5.  Most of these properties are estimated by using 
group contribution methods. 
The PR EOS and PLJC EOS AARD% values are included Table 9.4. As seen 
in Table 9.4, the AARD% ranges from 9.7 to 39.08 for the PLJC EOS but varies from 
5.0 to 68.0 for the PR EOS. The overall average AARD% values are 18.6 and 22.4 for 
the PLJC EOS and PR EOS, respectively. Hence, the PLJC EOS model correlation 


























Figure 9.2 Experimental solubility of cholesteryl acetate in supercritical CO2 and 
correlation with PLJC EOS model. 
 
Figures 9.2 - 9.5 show a representative set of solubility isotherms for the 
systems given in Table 9.3. As clearly seen in all figures, the correlated solubilities 
 




obtained by PLJC EOS agree very well with the experimental data over a wide 
temperature range. We also note from Figures 9.6 to 9.8 that relatively large 
deviations are typically found in the low-pressure region (nearer to the critical point) 
where the solubility is lower and more sensitive to pressure where large experimental 























Figure 9.3 Experimental solubility of hexamethylbenzene in supercritical CO2 and 

























Figure 9.4 Experimental solubility of cholesteryl butyrate in supercritical CO2 and 
correlation with PLJC EOS model. 
 
 




























Figure 9.5 Experimental solubility of progesterone in supercritical CO2 and correlation 


























Figure 9.6 Experimental solubility of phenanthrene in supercritical CO2 and 
correlation with PLJC EOS model. 
 
 
























Figure 9.7 Experimental solubility of 1,10-decanediol in supercritical CO2 and 

























Figure 9.8 Experimental solubility of pyrene in supercritical CO2 and correlation with 
PLJC EOS model. 
 
Further, large AARD% deviations (> 30%) are seen for 5 systems, i.e.,β-
carotene, capsaicin, 1,4-Naphthaquinone, 2-naphthol and theobromine. The large 
deviation may be due to the inaccuracies of the measured solubility data and solute 
physical properties such as sublimation pressure and molar volume. For example, 
large discrepancies are seen in the measured solubilities of caffeine and theobromine 
 




measured by Li et al. (1991), and Johannsen and Brunner (1994), respectively. A 
similar observation applies to the 2-naphthol system (Schmitt and Reid, 1986;Tan and 
Weng, 1987). The uncertainty in the measured data may lead to considerable deviation 
observed. Yet another source of error comes from the sublimation pressures which are 
not available experimentally but are estimated via various group contribution methods 
instead. A better agreement between the PLJC EOS and solubility data may be 
obtained if experimentally determined sublimation pressures of the solute are used. 
9.4 Conclusion 
In this study, the Perturbed Lennard-Jones Chain (PLJC) equation of state 
developed by Chiew et al. (1999) was extended to pure supercritical solvents and 
solid-supercritical carbon dioxide systems. The PLJC EOS model is characterized by 
three temperature independent parameters, namely, the number of segments per chain 
molecule m , segmental energy ε , and segmental size σ . A compilation of the model 
parameters for 39 different organic solids was obtained by fitting measured solubilities 
in supercritical carbon dioxide. It was found that the equation is able to describe the 
binary solid-supercritical carbon dioxide solubility behavior well over wide 
temperature and pressure ranges. The results are generally better than those obtained 
using the Peng-Robinson equation of state.  
 
 




CHAPTER 10 FORMATION OF ASPIRIN AND PLGA 
PARTICLES THROUGH RAPID EXPANSION OF 
SUPERCRITICAL SOLUTIONS (RESS) TECHNOLOGY 
 
10.1 Introduction 
It is well known that particle size is a key factor in influencing the 
performance of different particulate organic and inorganic materials in chemical 
processes such as adsorption, reaction and catalysis. Recently there has been great 
interest in finding environmentally friendly and reliable means of producing fine 
particles for pharmaceutical products for applications in controlled drug delivery, 
biomedical and pharmaceutical engineering.  Extensive effort has been devoted to 
particle formation via supercritical fluids since Krukonis (1984) demonstrated that 
supercritical fluid particle formation technology can be used to produce fine particles 
(in submicron range) with narrow size distribution.  Rapid expansion from 
supercritical solutions (RESS) is a promising route to solids particle formation with 
small size and narrow size distribution. As mentioned previously, the solvent power of 
a supercritical fluid, strongly dependent on its density, can be readily adjusted 
between gas-like and liquid-like extremes with moderate changes in pressure. In the 
RESS process, supercritical solution is rapidly expanded through a nozzle to near 
ambient conditions.  This causes a sudden loss of solvent power, brings about 
considerable supersaturation, and produces fast homogenous nucleation, uniform 
crystal growth and hence small particles.  
RESS technique has been now employed for processing of thermo-labile 
materials, like organic compounds and pharmaceuticals (Larson and King, 1986; 
Chang and Randolph, 1989; Tom and Debenedetti, 1991; Liu and Nagahama, 1996a, 
1997; Phillips and Stella, 1993; Reverchon et al., 1993, 1995; Ksibi et al., 1995; 
 




Alessi et al., 1996; Domingo, et al., 1997, Krober et al., 2000, Charoenchaitrakool et 
al., 2000, Rehman  et al., 2001, Turk et al., 2002, Kayrak et al., 2003, He et al., 2003), 
producing ceramic powders and films (Peterson et al., 1986; Matson et al., 1987a, 
1987b), fabricating polymer powder and fibers (Peterson et al., 1986, 1987; Matson et 
al., 1987a, 1987b; Tom et al., 1991, 1994; Lele and Shine, 1992, 1994; Mawson et al., 
1995, Matsuyama et al., 2001, He et al., 2003). 
Several approximate and simple models have been published to describe the 
particle formation mechanism (Debenedetti, 1990; Lee and Shine 1992; Kwauk and 
Debenedetti, 1993; Shaub et al., 1995; Reverchon and Pallado, 1996). All these 
preliminary theoretical works point to the complexity of the process and they only 
give a rough interpretation of the experimental results. 
Aspirin and Poly-lactic-co-glycolic acid (PLGA) in the present study are 
chosen as model compounds, representing drugs and biopolymers respectively. 
Aspirin is a commonly used drug whose solubility behavior in pure SCF CO2 was 
investigated by Lu (2001) and Tavana and Randolph (1991). The solubility data are 
necessary for design and scaleup of RESS technique. However, there is one report on 
formation of aspirin particles through RESS technique but only at 318.15K (Domingo 
et al. 1997). PLGA (85:15) is a polymer and can be eventually decomposed in human 
body and our environment without any toxicity. Therefore PLGA is extensively used 
as a biomaterial. Since the behavior of a polymer is strongly affected by its molecular 
weight, various applications of polymers should consider their molecular weight. Tom 
and Denebenetti (1991) reported the fabrication of PLGA with low molecular weight 
(Mw, ca. 5500) via RESS method. However, micronization of PLGA with high 
molecular weight (Mw, > 50,000) has not been reported in literature. 
 




Of the multifarious solvents available, carbon dioxide is the most suitable and 
most commonly used of the supercritical fluids since it offers a number of attractive 
and practical advantages as discussed previously. The impetus to choose CO2 as the 
medium in the present study stems from its environmental safety, low critical 
temperature and the solubilising potential of supercritical CO2 for organic compounds. 
With CO2 as processing solvent, RESS can be carried out at lower temperature 
and thermal degradation of the drug and biopolymer is minimized. Further, even 
though CO2 may be encapped in produced particles, it does not affect their safety once 
applied to human being.  
In this work we investigated the use of the RESS technique for the 
micronization of aspirin and PLGA and focused on the production of sub-micron 
ranged particles with narrow size distribution. The effects of a variety of process 
conditions such as extraction pressure and temperature and the nozzle geometry on the 
shape and size of the produced particles were discussed in detail. This study of RESS 
process may ultimately lead to the fabrication polymeric microspheres and 
microparticles loaded with wanted pharmaceuticals for controlled drug-delivery 
applications using the technique of rapid expansion of supercritical solutions.  
10.2 Experimental apparatus and procedure 
A schematic of the experimental RESS apparatus constructed to produce 
aspirin (Sigma, USP grade, 99.5+%) and poly lactic-co-glycolic acid (PLGA)(Aldrich, 
85:15, Mw ca. 50,000-75,000) is sketched in Figure 1. This is similar to that given by 
Lele and Shine (1992) which allows the independent control of all process variables: 
extraction temperature and extraction pressure, pre-expansion temperature and nozzle 
with different diameters and aspect ratios. The apparatus is mainly divided into three 
 




sections: a supercritical fluid liquefying-pressurizing-delivery unit (a gas cylinder, a 
circulating freezer, and an HPLC pump), a solute dissolving and extracting unit (a 
preheater, an extraction vessel and an oven), an extract crystallizing-separating unit (a 
nozzle and a collector). In this study, a technique of batch-wise crystallization 








Figure10.1 Schematic illustration of the RESS experimental apparatus  (1) CO2 
cylinder; (2) circulating freezer; (3) HPLC pump; (4) pre-heater; (5) extraction vessel;  
(6) oven; (7) pre-expansion line; (8) switching valve; (9) collect chamber; (10) 
expansion nozzle. 
 
High purity carbon dioxide (SOXAL, 99.8%) solvent is supplied from a gas 
cylinder and passed through a 0.5 µm in-line filter to remove any particles that may be 
present in the gas tank. The gas is then liquefied through a cooler (Polyscience, Model 
911) that was set to -5oC, and pressurized to the desired pressure by means of an 
HPLC pump (Jasco, PU-980) at a constant-pressure mode. Before entering the 
extraction vessel, CO2 is passed through a circulating coil (made of stainless steel, 
1/16 inch in o. d. and 5 m in length) placed in an oven (GL Science, Model GC390B) 
where CO2 is heated to the supercritical state.  
The extraction vessel placed in the oven is heated to the desired temperature 
and accurately controlled with an error of ± 0.2°C. The pressure in the stainless steel 














solvent flows through the extraction vessel which is packed with alternative layers of 
0.5-0.6 mm diameter glass bead and the solute. The solvent exiting the vessel is 
assumed to be saturated with the solute at the prescribed temperature. The solution 
leaves the extraction vessel and flows to the crystallizer where it is throttled across an 
expansion nozzle.  Heating tape (Glas-Col, 1 inch in width and 2 m in length) is 
wrapped around the preexpansion tube leading to the expansion device to heat the 
solution to a desired preexpansion temperature. Sufficiently high preexpansion 
temperatures must be maintained to prevent phase changes in the solution upon 
expansion (condensation) and plugging of the expansion unit due to premature 
precipitation. In this study, the preexpansion temperature was set at 78oC. 
The expansion device used in this work is more accurately described as an 
orifice nozzle, which was controlled by a stop valve.  The nozzle represents the most 
important part of the whole apparatus. The nozzle is made of stainless steel stub with 
6mm in o.d. and15mm long. The stub is firstly semihollowed with 4mm i.d. by a fine 
driller, left by 0.5mm thick bottom wall where a hole is drilled by a laser light in 
Gintic Institute of Manufacturing Technology, Nanyang Technological University, 
Singapore. The diameters of the nozzle used in the present study are 0.060mm and 
0.350mm respectively.  The laser-drilled nozzle is held in place by a stainless steel 
screw cap and a set of ferrule and nut. 
When the supercritical solution flows through the fine-diameter nozzle to 
ambient conditions, it experiences a rapid expansion which results in precipitation of 
the solute. The precipitated solute particles are deposited on a microscope slide or 
aluminum stub placed in the collection chamber. The distance from the exit of the 
orifice to the slide or stub is approximately 50 mm.  
 




To investigate the size and morphology of the solute particles precipitated by 
RESS process, microscopic observations of the particles are made through optical 
light microscopy (OM) (Olympus Vanox) and with scanning electron microscopy 
(SEM)(Hitachi S4100 FESEM) for morphological analysis and size measurement. The 
samples precipitated on SEM stubs are coated with gold-palladium prior to 
observations.  
 
10.3 Results and discussion 
10.3.1 Precipitated aspirin particles 
 









Particle size Remarks 
   changing nozzle diameter   
70 160 0.06    1 – 2    µm uniform particles 
    the nozzle readily clogged 
70 160 0.35   0.2 – 8   µm spheres 
 changing extraction temperature 
50 160 0.35 L:10 – 15µm most are needle particles and  
   W:2 – 3   µm some 1-2µm spheres 
60 160 0.35    1 – 10   µm spheres, agglomerations 
70 160 0.35  0.2 – 8    µm spheres, agglomerations 
80 160 0.35    1 – 10   µm spheres, agglomerations 
90 160 0.35    2 – 15   µm spheres, agglomerations 
  changing extraction pressure   
70 160 0.35    0.2 – 8   µm spheres 
70 180 0.35 0.15 – 0.2 µm uniform spheres 
70 200 0.35  0.1 – 10   µm spheres 
* the flow rate is 0.5ml/min and the preexpansion temperature is 78ºC 
 
Summarized in Table 10.1 are experiment results at various operational 
conditions in this study. We examined the effects of thermodynamic (e.g., temperature 
and pressure) and operational (nozzle geometry) conditions on the size and 
 




morphology of crystallized aspirin particles via the RESS process. Typically, small 
spherical particles and large agglomerated spheres were observed, suggesting that 
RESS technique may be a good method to micronize aspirin particles. In the study of 
Domingo et al. (1997), aspirin via RESS process was extracted only at 318.15K; thus 
only a mixture of isomeric and needle-shaped fine particles (2µm×5µm) was observed. 
Shown in Figure 10.2 is SEM photograph of needle-like aspirin particles obtained in 
the study of Domingo et al. (1997). In our study, we broaden the range of extraction 
temperature from 50 to 90oC. Besides needle-like aspirin particles, spherical particles 
and particle agglomerations are also formed as described below. 
 
Figure 10.2 SEM photograph of aspirin particles via RESS process at extrP =200bar, 
extrT =45
oC and Nozzle i.d.=0.04mm and L =0.2mm (Domingo et al., 1997). 
 
Figure 10.3 shows the commercially available aspirin particles viewed through 
an optical microscope. As we can see, commercial aspirin particles are not uniform 
and pod-shape with over 50 µm in width. In contrast, much smaller spherical or 
needle-like aspirin particles can be obtained via the RESS process, for examples, as 
shown in shown Figures 10.4 and 10.5.  
 






Figure 10.3 Optical photomicrographs of commercial aspirin as received 
10.3.1.1 Effect of nozzle diameter  
The effect of nozzle diameter on the size and shape of the precipitated particles 
was first investigated. Shown in Figure 10.4 are uniform and nearly spherical particles 
of precipitated aspirin, obtained with the use of 0.06mm inner diameter orifice nozzle. 
Clearly the precipitated aspirin particles (2-3 µm) are much smaller than the 
commercial products. As seen in Table 10.1, the change in orifice nozzle diameter did 
not lead to a significant change in the morphology of aspirin. In studies reported in the 
literature (Liu and Nagahama, 1996a; Ksibi et al., 1995), these authors claimed that, at 
the same pre- and postexpansion pressure and temperature conditions, a larger 
diameter orifice nozzle provides only higher total flow rates without bringing about a 
change of axial velocity and thus has insignificant effect on the crystallization process. 
Our experimental results provide clear evidence supporting that argument. Similar 
results were also found in previous studies on the precipitation of naphthalene from 
supercritical carbon dioxide using orifice nozzle (Liu and Nagahama, 1996a; 
Mohamed et al., 1989). However, the diameter effect is reported to play an important 
200µm 
 




role when capillary nozzle is used as an expansion device (Lele and Shine, 1992; Tom 
et al., 1994; Mawson et al., 1995). Furthermore, Mawson et al. (1995) showed that the 
morphology of precipitated polymer changes from particles to fibers when an orifice 
nozzle is changed into a capillary nozzle. 
 
Figure 10.4 Optical photomicrograph of precipitated aspirin from supercritical CO2 
via RESS processing at extrP  =160 bar, extrT =70
oC and Nozzle i.d.=0.06mm. 
 
 
Figure 10.5 Optical photomicrograph of precipitated aspirin from supercritical CO2 
via RESS processing at extrP  =160bar, extrT =50oC, Nozzle i.d.=0.35mm. 
 
In the present study, we found that clogging occurred in the 0.06 mm diameter 
nozzle extra care should be taken in the RESS process. Thereafter, a larger diameter 








10.3.1.2 Effect of extraction temperature 
The extraction temperature for aspirin in this study ranges from 50 to 90oC, 
well below the melting point of aspirin (135oC). While considering the effect of 
extraction temperature, the extraction pressure was kept at 160bar which corresponds 
to a condition that lies above the crossover pressure of 150bar (see Lu, 2001). It was 
observed that the effect of the extraction temperature on the morphology and size of 
precipitated aspirin was complex, as shown in Table 10.1 
 
(a)       (b) 
Figure 10.6 SEM photographs of precipitated aspirin from SCF CO2 by RESS 
processing at extrP =160bar, extrT =70oC and Nozzle i.d.=0.35mm. (a) collected at 
centre of jet; (b) collected at edge of jet. 
 
Increasing the extraction temperature leads to a decrease in the density of CO2 
and a concurrent increase in the solute's sublimation pressure. The decrease of the 
solvent density results in a decrease of the solvent strength. Conversely, the 
concurrent increase in the solute's vapor pressure is responsible for the increase in the 
aspirin solubility. The net effect of these two competing phenomena always results in 
an increase in the saturated aspirin concentration in the supercritical fluid since the 
extraction pressure set at 160 bar lies outside the retrograde region (Lu, 2001) where 
 




the working pressure is higher than the retrograde one.  Furthermore, high extraction 
temperature induces high solubility. During the precipitation process, after a nucleus is 
formed, it grows either by coagulation or by condensation. The crystal growth can be 
accelerated by high aspirin concentration, indicating mean size of formed particles 
will increase at high temperature. At low extraction temperature, the aspirin 
concentration is low. The crystal initialized might preferably grow along the flow 
direction and thus produce one-dimensional (i.e., needle-shaped) particles.  Therefore 
it may be explained that the finest particles could not be obtained at very high 
extraction temperature or very low extraction temperature. Shown in Figure 10.5 is an 
optical micrograph of precipitated aspirin at 50oC. The precipitated particles are 
mostly needle shaped with dimensions10-15 mm long and 2-3 mm wide although 
some spherical powders could also observed in Figure 10.5. These results are similar 
to those obtained in the study of Domingo et al. (1997). Figures 10.6a and 10.6b are 
SEM pictures of precipitated aspirin particles, which are about 0.1-0.3 µm in diameter 
and almost spherical, formed at 160 bar extraction pressure and 70oC extraction 
temperature with 0.35 mm i.d. nozzle. The particles shown in Figure 10.6a are 
collected at the center of expansion jet where the precipitated particles readily piled up 
and are agglomerated whereas those shown in Figure 10.6b are collected at the edge of 
free jet where the particles are disorderly scattered. The observed particle 
agglomerations or scatterings may be a result of different axial flow rates along the 
expansion path. During the rapid expansion of supercritical solution the solvent is 
vaporized instantly, the solute hence is precipitated. Further, the flow rate at the center 
of expansion jet is high whereas at the edge of free jet the flow rate is very low. That 
is to say, the solution per unit time passing through the expansion jet center is 
predominant. Therefore, when the supercritical solution is rapidly expanded, most of 
 




the dissolved solute will be precipitated at the center of expansion direction. This 
finding suggests that it is necessary to find ways to prevent the precipitated particles 
from agglomerating to harvest singly non-agglomerated particles formed from RESS 
technique.  
10.3.1.3 Effect of extraction pressure 
 
Figure 10.7 Optical photomicrograph of precipitated aspirin   from supercritical   CO2 
by RESS processing at extrP =200bar, extrT =70oC and Nozzle i.d.=0.35mm.  
 
Fundamentally, the change of the extraction pressure brought about a change 
in the concentration of aspirin. The pressures studied here are 160, 180 and 200bar 
while holding temperature at 70oC. As shown in Table 10.1, an increase in extraction 
pressure could induce a decrease in the finest particle size. A high extraction pressure 
leads to an increase in the expansion velocity, causing higher degree of 
supersaturation and homogenous precipitation in a short time, which in turn results in 
the formation of small particles.  Additionally, the observed broad particle size 
distribution might be attributed to the high concentration of aspirin at high extraction 
pressure, as presented in Figure 10.7. Thus the deposited spheres and particle 
 




agglomerations have a wide range of size distribution with the diameter ranging from 
0.1 to 10µm. Uniform aspirin spheres of 0.1~ 0.2 µm produced in this study are 
observed at 180bar, as shown in Figures 10.8.  The increase of particle size with a 
decrease of the solute concentration through the reduction in extraction pressure is 
observed here (referring to 160 bar pressure in Table 10.1), which is consistent to 
studies reported for RESS of organic solutes by Mohamed et al. (1989), Reverchon et 
al. (1993) and Liu and Nagahama (1996a). 
 
  
Figure 10.8 SEM photographs of precipitated aspirin   collected at extrP =180bar, 
extrT =70
oC and Nozzle i.d.=0.35mm. 
 
10.3.2 Precipitated PLGA (85:15) particles 
 
Commercial high molecular weight PLGA (85:15), 3mm-long-and-1.5mm- 
diameter stub-like particles, was used in the precipitation experiments without 
fractionation. The dissolution behavior of PLGA in pure supercritical CO2 is very 
important to choose a condition for its processing by RESS. The solubility of one-
order-lower-molecular-weight PLA and PGA was investigated by Tom and 
 




Debenedetti (1991) and for other high molecular weight polymers like PMMA are 
also available (Lele and Shine, 1992). In the present study, the extraction temperature 
was chosen near to or over the claimed Tg of PLGA. To examine the effect of main 
operational parameters in RESS process on the precipitation of PLGA in supercritical 
CO2, a series of experiments were conducted and results reported in Table 10.2. 
Shown in Table 10.2 is a summary of the average size and morphology of precipitated 
PLGA (85:15) particles under different conditions.  
 






Size of particles  Typical Remarks 
varying extraction pressure 
40 160 0.2 ~ 5 µm Spherical particles & film 
40 180 0.1 ~ 4 µm Spherical particles 
40 200 0.1 ~ 3 µm Spherical particles 
varying extraction temperature 
40 180 0.1 ~ 4 µm Spherical particles 
50 180 D:1-2 µm; L:2-10 µm Fibers formed 
  0.2 ~ 3 µm Particles 
50 200 D:1-2 µm; L:10-15µm Fibers formed 
  0.1 ~ 4 µm Particles 
70 180 D:1-2 µm; L:5-10µm Fibers formed 
  0.1 ~ 3 µm Particles 
* the nozzle diameter is 0.35mm and the preexpansion temperature is 78ºC 
 
The observed shapes of micronized PLGA (85:15) particles can be classified 
into three main categories: films, fibers and powders. This finding indicates the 
morphology of polymer precipitates produced through RESS method is more complex 
than that of small molecules such as aspirin where only powders were formed no 
matter what type of particles they were. An example of film morphology for PLGA 
 




obtained at 40oC and 160bar is shown in the SEM micrograph in Figure 10.9.  As seen 
from this figure, a thin layer of the precipitate observed is porous and crack-rich, 
which is accompanied by large amounts of 0.2 ~ 5µm discrete particles. The 
formation of thin film may be attributed to more soluble lower molecular weight 
composition of PLGA that is commercially polydisperse.  Further, it is found that 
PLGA fibers were easily produced, especially at high extraction temperatures. The 
fiber formation mechanism in RESS is widely believed to be due to the shear forces. 
The amorphous PLGA polymer was deformed by shear forces caused by the 
supersonic expansion jet and then experienced chain alignment along the flow 
direction. But long fibers reported in the literature (Mawson et al., 1995; Lele and 
Shine, 1992, 1994; Petersen et al., 1987) were not observed here. The fibers with 
diameters ranging from 1 to 3µm and lengths of up to 15µm were always 
accompanied by microparticles of 1~ 4µm diameters.  
 
 
Figure 10.9 SEM photograph of precipitated PLGA (85:15) from supercritical CO2 by 
RESS processing at extrP =160bar, extrT =40
oC and Nozzle i.d.=0.35mm. 
 
 





(a)      (b) 
Figure 10.10 SEM photographs of precipitated PLGA (85:15) from supercritical CO2 
by RESS processing at extrP =180bar, extrT =40
oC and Nozzle i.d.=0.35mm: (a) 
collected at the jet centre; (b) collected at the jet edge. 
 
Similar to those observed for the aspirin precipitate, the produced PLGA 
particles piling-up at the expansion jet center or scattering at the jet edge were also 
observed; examples of these observations are given in Figure 10.10. Shown in Figure 
10.10 is the ultrafine spherical particles with 0.1 ~ 0.2µm precipitated at extrP =180bar 
and extrT =40oC. These particles are quite smaller than those produced with low-
molecular weight biopolymer reported in the studies of Tom et al. (1991, 1994). 
Accompanying with these ultrafine particles are up to 4µm large microparticles and 
agglomerations. The formation of near nano-scale ultrafine particles may suggest it is 
possible to make high-molecular weight biopolymer used as the coat of drugs or 
pharmaceuticals, hence to encapsulate the desired drug through RESS route for 
control-released applications. 
 




(a)      (b) 
Figure 10.11 SEM photograph of precipitated PLGA (85:15) from supercritical CO2 
by RESS processing at extrP =180 bar, extrT = 40
oC and Nozzle i.d.= 0.35mm. 
 
As we can see from Table 10.2, when the extraction temperature was chosen 
close to or higher than the glass transition temperature ( gT ) of PLGA (85:15) around 
50oC, fibers were readily obtained. This observation may be explained by considering 
high concentration of the solution and the flexibility of PLGA macromolecules 
obtained at temperatures over gT . Both factors may enhance the produced precipitate 
to elongate along the expansion path than other directions under the shear forces, 
hence easily forming the fibers.  Below the glass transition temperature, it was seen 
from Table 10.2 that almost whole spherical particles could be formed, instead of 
fibers.  However, “bridges” (or tiny fibers) linking these particles are clearly observed 
in Figures 10.11a and 10.11b, which may contribute to the complex structure of a 
polymer precipitate. 
As shown in Table10.2, it was found that increasing the extraction pressure 
results in only a slight decrease in the size of the deposited PLGA particles. This 
observation is similar to that of aspirin as described above. However, Mawson et al. 
 




(1995) clearly observed an increase in the particle size obtained by RESS with 
increasing concentration of a polymer. 
 
10.4 Conclusion  
 
This study has explored the use of RESS (Rapid expansion of supercritical 
solutions) technique to micronize aspirin and PLGA particles. The results show that it 
is possible to produce ultrafine particles of pharmaceuticals and biopolymers through 
RESS method. The results also show that various process conditions such as 
extraction pressure and temperature and the nozzle geometry, and flow rate can affect 
the morphology and size of the produced particles.  
The limitations of this technique are:  
1) Although several theoretical models have been proposed for the RESS process, 
an accurate theory provides a quantitative description of the process is not yet 
available.   
2) Many factors such as extraction temperature, extraction pressure and nozzle 
geometry can affect the shape and size of the RESS products. An optimization 
procedure is needed to find the desirable conditions for processing the 
chemicals of interests. 
The goal of future work will be to explore RESS method to process two 
solutes (one is a drug, another is a biopolymer) so as to encapsulate the drug in the 
polymer for control- released applications.  
 
 




CHAPTER 11 SUMMARY AND RECOMMENDATION 
 
11.1 Summary of Results and Conclusions 
 
The thesis is concerned with experimental and modeling studies of the phase 
equilibrium of several pharmaceutical products in supercritical carbon dioxide.  
Experimentally, a dynamic flow method was used to investigate the solubility of 
cholesterol and cholesterol esters in supercritical CO2 as a function of temperature and 
pressure.  In addition, the influence of polar groups, the cosolvent effect, the co-solute 
effect, the solute selectivity of separation and particle formation through rapid 
expansion of supercritical solution are examined.  The solubility data are modeled 
using several theoretical models including the Peng-Robinson equation of state, 
density-based correlations, and molecular based equations of state.  For the first time, 
a recently proposed Perturbed Lennard-Jones Chain EOS was applied to supercritical 
solubility behavior. Further, to describe the solubility enhancement of naproxen and 
aspirin in supercritical carbon dioxide due to the introduction of a small amount of 
polar cosolvent, a modified PR EOS, with association contribution, was developed for 
this purpose.  
Results of this thesis research are summarized below: 
1. In this work, a continuous flow method was set up to measure the solubility of 
cholesterol and its acetate, butyrate and benzoate in supercritical carbon dioxide. The 
solubility data were determined under equilibrium conditions between the solute and 
supercritical carbon dioxide. Equilibrium of supercritical solutions was achieved since 
solubility measured was found independent of the carbon dioxide flow rates.  
 




2. The accuracy and reliability of the solubility data obtained using this experimental 
apparatus was verified by comparing the cholesterol solubility in pure supercritical 
CO2 measured with those published in literature. Our data are consistent with 
those reported by Yun et al. (1991).  The solubilities of cholesterol, cholesteryl 
acetate, cholesteryl butyrate and cholesteryl benzoate in supercritical carbon 
dioxide are obtained over a wide range of operating conditions ranging from 90 to 
270 bar and 308.2 K to 328.2 K. 
3. A comparison of the solubility data of the four compounds investigated in our 
study shows that the cholesteryl butyrate is most soluble in supercritical CO2, 
followed by cholesteryl acetate, cholesterol and cholesteryl benzoate. The trend 
observed can be attributed to the combined effects of differing solute polarity and 
different sublimation vapor pressures resulting from their distinct chemical 
structures. 
4. The solubilities of cholesterol and cholesteryl benzoate in supercritical carbon 
dioxide in the presence of a cosolvent (3 mole % methanol or acetone) are also 
studied.  The presence of a small amount of methanol or acetone significantly 
enhances the solubility of cholesterol and cholesteryl benzoate in supercritical 
carbon dioxide.  This cosolvent effect decreases with pressure owing to the 
suppression of local composition fluctuation from the bulk as pressure increases.  
5. The observed solubility enhancement can be attributed to the apparent increased 
solvent mixture density. Furthermore, since the solute and the added cosolvent are 
both polar molecules, their mutual interactions via polar interactions in the 
supercritical solution also play a significant role in solubility enhancement, 
especially at low temperatures. The cosolvent effect of acetone was found to be 
 




larger than that of methanol due to the fact that acetone is more polar than 
methanol. 
6. The cosolute effect present in supercritical CO2 was examined by studying the 
solubility behavior of physically mixed solutes of cholesteryl butyrate and 
cholesteryl benzoate in pure supercritical CO2. Our experimental results show a 
pronounced solubility decrease for both solutes when compared with their 
respective pure component counterparts.  The extent of solubility decline for these 
two compounds is highly dependent on the bed composition.  
7. Thermal behavior investigation conducted using DSC analysis shows that 
cholesteryl butyrate and benzoate, prepared by the melting method, are miscible in 
all proportions as a liquid solution and as a solid solution. Further, a comparison of 
the thermal behavior of mixed solutes before and after high pressure supercritical 
extraction indicates that a solid solution may have formed under supercritical 
conditions. 
8. X-ray diffraction analysis performed on cholesteryl butyrate/benzoate mixtures, 
prepared by the melting method, physically-mixed by agitation, and physically 
mixed after supercritical CO2 extraction, further shows that SFE process can 
strongly affect the crystal structure of physically mixed cholesteryl esters. The 
different XRD results among physically blended mixture before and after 
supercritical extraction may indicate the formation of solid solution under high 
pressure SFE, as compared with the XRD results obtained for the solid solution of 
the cholesteryl esters prepared by the melting method. 
9. Repaid expansion from supercritical solutions (RESS) technique was explored to 
micronize aspirin and PLGA particles. The results show that ultrafine particles of 
pharmaceuticals and biopolymer with sharp size distribution can be obtained 
 




through the judicial design of the nozzle and operating the expansion process at 
optimal conditions. 
10. The experimental solubility data of cholesterol and its three esters in supercritical 
carbon dioxide were correlated with the Peng-Robinson equation of state and 
density-based correlations. Model parameters were obtained by minimizing the 
percentage average absolute relative deviation, AARD%, between the experimental 
data and model calculations. It was found that the Peng-Robinson equation of state 
is able to model these supercritical solubility behaviors quite well, and the density-
based correlations performed overall better than the Peng-Robinson equation of 
state. 
11. For ternary systems involving methanol and acetone, the agreement between the 
Peng-Robinson equation of state calculations and the experimental data was much 
better than that found for binary systems. Again, the density-based correlations 
give better correlations than the PR EOS. 
12. A newly developed perturbed Lennard-Jones Chain equation of state (PLJC EOS) 
was used to model supercritical solvents and solid-supercritical CO2 systems. The 
characteristic parameters of PLJC EOS, i.e., segment number, segmental energy 
and segmental size, were obtained by fitting measured supercritical solubilities. 
The equation describes the binary solid-supercritical CO2 solubility behavior very 
well over wide temperature and pressure ranges.  
13. A new modification of PR EOS model, augmented by association contribution, 
was developed and applied on certain polar cosolvent ternary systems where the 
cosolvent exhibited strong interactions with the polar solute. The modeling work 
was carried out on the aspirin and naproxen solubility in supercritical CO2-
cosolvent mixtures. It was found the PR EOS plus association model generally 
 




shows better performance, especially for alcohol systems, than the classical PR 
EOS. 
 
11.2 Recommendations for Further Research 
 
Our ultimate work is directed to use supercritical CO2 as a potential 
replacement of traditionally used toxic organic solvents to separate and purify the 
pharmaceutics (such as cholesterol, progesterone, testosterone and Chinese herb 
medicines).  To reach this goal, our further work plan will continue to focus on 
experimental and theoretical aspects in the field of supercritical fluid technology as 
addressed below. 
 
1. Fundamental studies on solubility behavior will concentrate on high-value 
pharmaceuticals and/or drugs such as Chinese herbs.  
2. As known, the solubility of solute is enhanced by adding a cosolvent to 
supercritical carbon dioxide. In this work, a cosolvent concentration of 3.0 mol % in 
supercritical carbon dioxide was used. Further studies to examine the influence on 
solubility enhancement by varying the cosolvent concentrations should be useful, 
especially considering developing a supercritical process with mild operational 
conditions. 
3. Future work will expand on preliminary studies on RESS particle formation 
technique reported in this thesis research and will aim at ascertaining the desirable 
conditions to produce particles of designed size and size distribution.  Also, future 
studies will concern the development of techniques to process nano-particles of 
 




pharmaceutical materials encapsulated in biocompatible matrices (e.g., biodegradable 
polymers) for drug delivery. 
4. The modified Peng-Robinson equation of state developed in our study, which 
explicitly accounts for strong association interactions in the presence of the polar 
cosolvent, will be applied to other polar cosolvent systems. 
5. The molecular-based perturbed Lennard-Jones Chain EOS can be extended to 
ternary supercritical solubility behavior for better understanding of the cosolvent 
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